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In  this  book  the  information  on  the  theory,  characteristics,  construction, 
and  design  of  subsonic  and  supersonic  ramjet  engines  is  based  on  domestic  and  foreign 
naterials  vhich  have  been  published  in  the  form  of  books  and  magazine  tarticles.  The 
theory  of  the  basic  elements  of  the  engine  —  diffusers,  combustion  chaKibcrs,  and 
jet  nozzles  is  considered,  as  veil  as  the  operation  of  the  entire  engine.  Kolecu- 
lar  and  even  atomic  fuels  are  regarded  as  sources  of  energy.  This  book  is  intended 
for  engineers  vho  are  specialists  in  aircraft  engine  construction,  and  for  students 
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At  the  present  time,  in  the  domestic  and  foreign  literature  inuch  material  is 
published  concerning  questions  about  the  theory  and  research  of  the  individual  ele- 
nents  of  ramjet  engines,  such  as  diffusers,  ccsnbustion  chambers,  fuel  injectors, 
flame  holders,  and  jet  nozzles.  Hov/ever,  these  enumerated  questions  have  not  been 
correlated  in  sufficient  detail  by  ourselves  or  those  abroad.  This  book  proposes, 
for  that  reason,  to  be  the  first  endeavour  to  stimmarize  this  cited  information, 
vhich  is  indispensable  for  an  understanding  of  the  physical  processes  and  for  the 
gas  dynamic  and  thrj  jt  computations  of  ramjet  engines. 

Monographs  and  magazine  articles  published  by  the  domestic  and  foreign  press, 
as  well  as  the  personal  works  of  the  authors,  have  served  as  the  basic  materials  for 
the  writing  of  this  book. 

In  those  cases  where  data  about  a  numerical  value  or  different  parameters  are 
absent  in  the  literature,  e.g.,  the  combustion  efficiency  in  the  combustion  chamber 
or  the  burner  drag  coefficient,  the  authors  have  confined  themselves  to  resolving 
the  problem  in  a  basic  form  and  drawing  up  qualitative  characteristics. 

Information  about  atomic  aircraft  engines  has  previously  appeared  in  the  lit¬ 
erature.  The  authors  have  included  a  short  review  chapter  devoted  to  atomic  ramjet 
engines . 

■  To  facilitate  canprehension,  a  large  number  of  examples  with  detailed  nunari- 
cal  solutions  are  included  in  the  material  set  forth  in  this  book. 

The  authors  have  sought  to  make  use  of  the  more  widely  used  terms  and  designa¬ 
tions.  Unfortunately,  this  does  not  always  work  out,  since  in  the  various  fields  of 
science  various  terms  and  designations  are  used.  For  example,  in  aerodynamics  the 
technical  system  of  units  is  widely  employed  where  mass  is  expressed  as  technical 
units  of  mass  (not  having  a  conventional  name)  with  the  dimension  kg  secVm,  and 
the  density  of  a  substance  ^  is  expressed  in  technical  units  of  density  with  the 
dimension  kg  sec^m^.  In  physics  and  thermodynamics  the  COS  system  is  accepted,  in 
which  mass  is  expressed  in  grams  of  mass  g  and  density  p  in  g/cm^.  In  the  tables  of 
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such  physical  constants  as  density,  specific  heat  c,  heating  value  H,  heat  of  reac¬ 
tion  E,  heat  of  fusion  etc.,  grair^  of  mass  usually  serve  as  units  of  mass  (in  this 
case  calories  serve  as  units  of  heat),  or  kilograms  of  mass  (1  kg  «  1,000  g).  In 
this  case  large  (kilo)  calories  serve  as  units  of  heat.  The  numerical  meaning  of 
the  measured  parameter  is  one  and  the  same  in  both  cases,  for  example:  *  0.2U 

cal/g  »  0.2li  koal/kg.  For  this  reason,  »Aien  values  and  terms  expressed  in  technical 
units  of  mass,  and  impossibly  attributed  to  kilograms  of  mass,  enter  into  the  equa¬ 
tions  simultaneously,  the  constant  of  proportionality  is  eliminated.  The  authors 
have  decided  to  make  use  only  of  individual  units,  najiiely,  kilograms  of  mass,  so 
that  gas  consumption  is  usually  expressed  in  kilograms  per  second  and  not  in  tech- 
nical  luiits  (kg  sec^/m).  Therefore  in  all  our  equations  of  mechanics  the  propor¬ 
tional  constant  g  5:^9 *81  m/sec^  is  entered.  V/e  express  density  in  equations  of 
mechanics  and  in  heat  balance  equations  as  kg/m^,  retaining  the  gravitational  con¬ 
stant  g  in  the  first  case.  Density  expressed  in  kg/m^,  in  contrast  to  density 
expressed  as  kg  aec^/v^,  ve  designate  as  y' : 

Y  ^ 

Density  expressed  in  kg/m^  is  numerically  equal  to  specific  veight  in  kg/m^, 
measured  at  sea  level  and  at  a  latitude  of  (geographic).  Thus  "density  Y'  in 
kg/m^*  itiay  also  be  stated  as  "specific  vci^jt  in  kg/m^," 

The  authors  express  their  gratitude  to  Prof.  Ye.  S.  Shchetnikov,  Doctor  of 
Technical  Sciences,  and  to  Engineer  B.  V.  Makarov  for  their  valuable  observations 
made  during  the  process  of  revievdng  and  editing  this  manuscript. 

The  authors  request  that  all  remarks  and  comments  relative  to  the  content  and 
design  of  this  book  be  directed  to  this  address:  >*oscov,  1-51 J  Potrovka  2k, 
OBORONQIZ. 
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(in  alpha'betical  order) 

-  critical  speed  in  m/sec 

-  molecular  change  coefficient 

-  geometric  characteristic  of  the  nozzle 

-  thermal  equivalent  of  work 

-  shock  wave  angle  of  the  surface  in  degrees 

-  excess  air  coefficient 

-  angle  of  divergence  of  the  diffuser 

-  heat  transfer  coefficient 

-  width  of  the  diffuser  inlet  slot  in  meters 


Tran5li tc ratio 


-  factor  in  the  flow  formula:  b, 


( 


-  fuel  transfer  coefficient  in 

sec 

-  speed  of  sound  in  m/sec 
'  concentration  in  kg/m^ 

w  specific  heat  at  constant  pressure  in  kcal/kg  deg 

-  specific  heat  at  constant  volume  in  kcal/kg  deg 

-  thrust  coefficient 


-  drag  coefficient 

-  Laval  nozzle  impulse  expansion  coefficient 

-  drop  diameter  in  mm  or^ 

-  diameter  of  the  diffuser  and  chamber  in  meters 

-  diffusion  coefficient,  pressure  gradient  in  m^/sec 

-  diffusion  coefficient,  concentration  gradient  in  m/sec 

-  thickness  of  the  associated  film  in  microns 

-  heat  of  formation  in  kcal/kg  mol 

Si 

'•  nozzle  expan  •  ion  ratio  t »» -g — 
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* 

I  \  l 1  i  :-r. '' 

f 

- 

friction  force  in  kg 

h 

- 

diffusion  flow  coefficient 

■ 

.)  cp 

- 

wlocity  coefficient 

<p 

- 

injector  nozzle  cross  section  coefficient 

■ 

^  cr 

«• 

ccoibustion  efficiency 

fPsg) 

e 

- 

gravity  acceleration  at  sea  level  and  at  a  latitude  of  45° 

8i 

- 

weight  content 

% 

mass  weight  flow  of  air  in  kg/sec 

(  Gv) 

G 

mass  weight  flow  of  gas  in  kg/sec 

Gr 

mass  weight  flow  of  fuel  in  kg/sec 

) 

r 

- 

density  (specific  gravity)  in  kg/m^ 

h 

slot  height  in  meters 

H 

- 

flight  altitude  in  meters 

®u 

m 

fuel  heating  value  (net  heating  vtdue)  in  kcal/kg 

1 

m 

enthalpy  (heat  content)  in  kcal/kg 

I 

mt 

enthalpy  in  kcal 

- 

/  2 

acceleration  in  m/sec 

k 

•• 

Poisson’s  ratio  (using  "x  "  for  the  injected  air  and  "r  ”  for  the  hot  gases) 

k 

- 

aerodynamic  quality  (i,e» ^lift-to-drag  ratio) 

(  g) 

k 

- 

proportionality  constant 

K 

- 

velocity  (gas  dynamic)  coefficient  of  a  ramjet  engine,  #c=  — 

(X,) 

Y 

aheorptive  shock  factor 

1 

- 

length  in  meters 

L 

- 

the  quantity  of  air  theoretically  necessary  for  the  combustion 
fuel 

of  1  kg  of 

A 

•» 

relative  velocity  i  ~ 

X 

- 

heat  conductivity  in  kcal/m/sec 

m 

- 

mass  in  kilograms  of  mass 

m 

- 

degree  of  taper  (geometric  parameter)  of  a  jet  engine 
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n 

H 

/ 

F 

% 

n 

N 

Nu 

\) 

>4 

P 

Po 

\ 

P 

P 

P.r 

TT 

g. 

Q 

^OT 

r 

R 

^1 
X) " 

I  -- 


degree  of  diffuser  expansion 
Wach  number 

molecular  veight  in  kg 
dynamic  viscosity  in  kg/sec/m^ 
efficiency 
number  of  drops 
power  in  hp  or  kcal/sec 
Nusselt’s  number 
kinematic  viscosity  in  m^/sec 
specific  gravity  of  the  fuel 
rake  angle  in  degrees 
angular  velocity  in  radians/sec 
pressure  in  kg/m^ 
stagnation  pressure  in  kg/m^ 

vapor  pressure  in  kg/m^  or  in  mm  of  a  mercury  column 
weight  in  kg  or  t 

reaction  thrust  of  the  exhaust  gases  in  kg 
Prandtl's  nmber 

pressure  ratio  in  the  nozzle  in  — 
dynaml.^  head  in  kg/m^ 
heat  flow  in  kcal/m^/sec 
flow  of  matter  in  kg/m^/sec 
quantity  of  heat  in  kcal 
heat  loss  in  kcal 
drop  radius  in  microns  or  meters 
rotation  radius  in  meters 
volume  percentage  of  c(xnponents 
stream  thrust  (reaction  of  a  stream  on  the  sides  of  a  duct  in  kg) 
thrust  in  kg 


(  ^pot ) 
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effective  thrust  in  kg 

fttmtal  or  mcodraum  cross  sectional  thrust  in  kg/m^ 


.  e : 


Re 

f 

0 

S 

s 

S 

<f 


or 


c 


o6 


t 

t 

T 

o 

u 

u 

«n 

u 

U 


gas  constant  in  kcal/kg/deg  vith  the  indices  "B"  for  air  and  *’r  "  for 
comhustion  products  {B  -  v)  g) 

Reynolds  number 

density  in  kg/sec  a/m** 

entropy  in  kcal/kg/deg 

entropy  in  kcal/deg 

2 

cross  section  in  m 


pressure  ratio 

over-all  diffuser  pressure  ratio 

pressure  ratio  across  the  supersonic  portion  of  the  diffuser 
pressure  ratio  across  the  subsonic  portion  of  the  diffuser 
pressure  ratio  across  the  flame-holder 
pressure  ratio  across  the  combustion  chamber 
over-all  nozzle  pressure  ratio 

pressure  ratio  across  the  supersonic  portion  of  the  nozzle 
pressure  ratio  across  the  subsonic  portion  of  the  nozzle 
pressure  ratio  across  the  entire  engine 
time  in  sec 

temperature  in  degrees  C 
tenqperature  in  degrees  K 

stagnation  temperature  in  degrees  K;  for  cold  air  with  the  index  ”x 
for  the  combustion  products  with  the  index  "r  " 


( <*'i) 


) 

sg 

) 

) 

K  ) 


-  temoperature  ratio,  •  = 


circumferential  velocity  in  m/sec 
relative  velocity  of  a  drop  in  m/sec 
normal  flame  propagation  velocitv  in  cm/sec 
internal  energy  in  kcal/kg 
internal  energy  in  kcal 


(x  =  kh)  f  =  g  ) 
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xl 


y 


r 

V 
w 

V 

X 

X 

y 

z 


i! 


-  absolute  velocity  of  a  drop  in  la/sec 

-  specific  volune  in  m3/kg 

-  volume  in 

-  air  velocity  in  n^sec 

-  calorific  value  of  the  fuel  in  kcal  per  kg  of  combustion  products 

-  coordinate  in  meters 

-  drag  in  kg 

-  coordinate  in  meters 

-  percentage  of  the  evaporated  substance 


I'  1 


c  = 


*t- 1  /?» 


functions  of  k 
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LIST  OF  RUSSIAII  SUBSCRIFj?3  ABlREVI/iTIOI.'S 


Russian 

Transliteration 

I4eaning 

aKT 

akt 

(subscript) 

active 

RT 

at 

(subscript) 

atmosphere;  atmospheric 

ara 

ata 

(abbreviation) 

absolute  atmosphere 

RTM 

atu 

(subscript) 

atmosphere;  atmospheric 

6ok 

bok 

(subscript) 

oblique 

B 

V 

(subscript) 

air 

BMX 

vlkh 

(subscript) 

vortex 

BoaA 

vozd 

(subscript) 

air 

BOX 

vol 

(subscript) 

wave 

Bocnx 

vospl 

(subscript) 

ignition 

BPA 

VRD 

(abbreviation) 

air-breathing  jet  engine 

Bcn 

vsp 

(subscript) 

ignition 

BX 

vkh 

(subscript) 

inlet 

BUX 

vyWi 

(subscript) 

exit 

r 

g 

(subscript) 

gas;  fuel;  hot 

rp 

gr 

(subscript) 

boundary 

A 

d 

(subscript) 

pressure;  diffuser 

A»B 

dav 

(subscript) 

pressure 

Aex 

del 

(subscript) 

•  fission 

AMO 

dis 

(subscript) 

dissii)otion 

Aon 

dop 

(subscript) 

additional 

APA 

ZhRD 

(abbreviation) 

liquid- fuel  rocket  engine 

SRT 

zat 

(subscript) 

used  (supplied,  delivered 

RMA 

zashch 

(subscript) 

protective  (shield) 

Mr 

ig 

( subscript ) 

spine  (bullet) 

MA 

id 

( subscript ) 

ideal 

Russian 

Transliteration 

K36 

izb 

(subscript) 

MCT 

ist 

(subscript) 

K 

k 

(subscript) 

Kau 

kam 

(subscript) 

KMH 

kip 

(subscript) 

KOJibi; 

kol'ts 

(subscript) 

KOH 

kon 

(subscript) 

KOpM 

korm 

(subscript) 

Kp 

kr 

(subscript) 

KPM 

KRDD 

(abbreviation) 

KpMT 

krit 

(subscript) 

K.cr 

k.sg 

(subscript) 

a 

1 

(subscript) 

uecT 

nest 

(subscript) 

H 

n 

(subscript) 

Hac 

nas 

(subscript) 

o6 

ob 

(subscript) 

o6b( 

obshch 

(subscript) 

onr 

opt 

(subscript) 

OOb 

os' 

(subscript) 

ot6 

otb 

(subscript) 

OTH 

otn 

(subscript) 

n 

P 

(subscript) 

RBPA 

PVRD 

(abbreviation) 

na 

PD 

( abbreviation ) 

na 

pi 

( subscript ) 

noa 

pol 

( subscript ) 

noT 

pot 

( subscript ) 

r-TS-97^0/v 

Meaning 

excess,  surplus 

true,  actiial;  discharge,  exhaust 

wedge 

chamber 

boiling 

annular,  ring-shaped 
cone 

stem,  boat -tail 
critical 

winged  long-range  rocket 
criticeuL 

combustion  chamber 

frontal 

local 

Initial,  starting;  normal 
saturated 

diffuser  lip  (shell) 

total 

optimum 

axis 

abstracting  (sampling) 

relative 

vapor 

ramjet  engine 

piston  engine 

plane,  flat 

flight  (take-off) 

used  (consumed,  released);  losses 

xiy 


Russian 

Transit 

iteration 

np 

pr 

(subscript) 

npe* 

pred 

(subscript) 

np.cr 

pr.sg 

(subscript) 

nyxbc 

iml*s 

(subscript) 

pan 

rav 

(subscript) 

pacq 

rasch 

(subscript) 

c 

s 

(subscript) 

cr 

Sg 

(subscript) 

co6 

sob 

(subscript) 

cp 

sr 

(subscript) 

cpcA 

sred 

(subscript) 

opus 

sryv 

(subscript) 

CT 

st 

(subscript) 

CTp 

str 

(subscript) 

T 

t 

(subscript) 

Ten 

tep 

(subscript) 

Tp 

tr 

(subscript) 

TPA 

TRD 

(abbreviation) 

TPA* 

TRDF 

(abbreviation) 

Tsr 

tyag 

(subscript) 

yx 

ud 

(subscript) 

f 

(subscript) 

UMOT 

chist 

(subscript) 

X 

shch 

(subscript) 

SKcn 

eksp 

(subscript) 

8^ 

ef 

(subscript) 

Ifeaning 

naxiaiumf  critical^  terminal,  limiting 

maximan,  critical,  terminal,  limiting 

combustion  products 

pulse;  pulsaticm 

equiUlorlum 

rated,  design,  point 

nozzle 

combustion 

proper,  eigen  (natural) 
average,  mean;  medium;  middle 
avera^,  mean;  medixxm;  middle 
blow-out 

standard;  flameholder;  stabilization 

stream,  Jet 

fuel 

heat;  heat-carrying  agent 

friction 

turbojet  engine 

turbojet  engine  with  afterburner 
thrust 

shock,  in^>act 
injector 
net,  pxrre 
slot 

experiment 

effective 
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CH/i-TO  I 


THE  CIASSIFICATION  OF  JET  PHGPULSICM  EI^GIXIiS 
AM)  THE  FIELDS  OF  THEIR  APPLICATION 


Some  contemporary  flying  machines,  for  example,  the  anti-aircraft  guided 
missile  and  the  long-range  rocket,  move  several  times  faster  than  the  speed  of 
sound.  V/ith  an  increase  in  speed,  aerodynamic  drag  quickly  increases,  and,  there- 
vith,  the  required  thrust.  For  example,  to  propel  a  single-seater  aircraft  weighing 
nearly  3  t,  at  a  speed  of  nearly  600  km/hr  (equal  to  half  the  speed  of  sound),  a 
thrust  of  almost  500  kg  is  necessary;  to  propel  this  same  aircraft  at  the  speed  of 
sound  would  require  a  thrust  of  more  than  li,000  kg.  If  it  is  accepted  that  at  K  *=  1, 
the  efficiency  of  the  propeller  is  equal  to  0.8,  then  the  power  of  an  engine  develop¬ 
ing  a  similar  thrust  will  be: 

4000*340  oA/vv\  w 

h.p. 

Such  a  piston  engine,  without  propeller  or  fuel,  vrould  v.’eigh  nearly  10  t.  In  reali¬ 
ty,  the  required  power  for  an  engine-driven  propeller  would  be  still  larger  for  a 
flight  speed  close  to  the  speed  of  sound,  since  the  efficiency  of  the  propeller  de¬ 
creases  rapidly. 

Owing  to  the  extraordinarily  rapid  growi>h  of  the  required  power  and  weight  of 
the  power  plant  of  a  propeller-driven  aircraft,  it  was  impossible  to  fly  at  a  speed 
close  to  the  speed  of  sound.  The  highest  recorded  speed  of  a  propeller-driven  air¬ 
craft  —  756  km/hr  —  was  set  in  1939  by  a  German  Fesserschmidt  aircraft  without  a 
radiator,  fuel  tanks,  or  equipment,  and  prepared  for  onlj'  this  flight,  which  lasted 
only  a  few  minutes.  The  previous  record,  set  6  years  earlier  by  an  Italian  Kacchi- 
Castoldi  aircraft,  was  bettered  by  1%, 

For  sonic  and  supersonic  flight  speeds  it  is  necessary  to  have  light-weight 
engines  able  to  develop  the  necessary  thrust  at  such  high  speeds.  Only  jet  engines 
possess  these  qualities. 

A  unit  which  contains  in  itself  a  heat  engine  and  an  air-propelling  device  is 
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called  a  jet  engine,  v;hei  sin  the  thennal  energj'  released  is  spent  directly  on  in¬ 
creasing  the  kinetic  energy  of  the  gas  stream  viiose  reaction  creates  the  useful 

thrust. 

Section  1.  The  Classification  of  Jet  Engines 

There  are  two  principal  types  of  jet  engines:  rocket  engines  and  air-breath¬ 
ing  jet  engines. 

All  that  is  necessary  to  create  thrust  is  carried  on  board  an  lircraft  having 
a  rocket  engine:  an  energy  source  and  a  working  substance..  On  board  an  aircraft 
>Ath  an  air-breathing  jet  engine  we  find  only  the  energy'  source  taking  air  from  the 
surrounding  atmosphere  to  serve  as  the  working  substance. 


Fig.  1  A  solid-fuel  rocket  engine,  a  —  schematic,  b  ~  external  view. 

Legend:  1)  powder  charge  with  axial  ducts j  2)  igniter;  3)  perforated 
diaphragm;  k)  nozzle. 

According  to  the  physical  state  of  the  fuel,  rocket  engines  are  subdivided 
into  PRDs  /poTokhovyye  raketnyye  dvigateli  ~  solid-fuel  rocket  enginej7>  Fig*  1> 
in  which  powder  serves  as  the  energy  source,  and  the  gases  formed  during  combustion 
•orve  as  the  working  substance;  and  ZhRDs  /zhidkostnyye  raketnjye  dvigateli  — 
liquid-fuel  rocket  enginery#  Fig.  2,  in  which  a  liquid  propellant  composed  of  a  fuel 
and  an  oxidizer  serves  as  the  energy  source,  and  the  gaseous  products  of  combustion 
serve  as  the  working  substance.  In  principle  it  is  possible  to  create  ARDs  ^tom- 
pyye  raketnyye  dvigateli  —  atomic  rocket  enginery  —  in  which  an  atomic  fuel  serves 
as  the  energy  source,  and  steam  from  a  liquid  with  a  light  moleculax  weight,  such  as 
water,  serves  as  the  working  substance. 
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Powder  rockets  were  invented  in  China  r^ny  centuries  a^o. 

The  theory  of  rocket  propulsion  —  a  mass  vrtiich  changes  with  time  —  was  form- 
I  ulated  during  the  years  1897-19014  by  the  outstanding  Russian  scientist,  Acadeirdcian 
I.  V.  Meshcherskiy .  His  labors  laid  the  foundation  of  jet  propulsion  technology. 

Rockets  operating  on  liquid  fuel  were  suggested  by  K.  S.  Tsiolkovskiy  in  1903. 
He  failed  to  bring  his  invention  to  life  under  the  conditions  of  Tsarist  Russia. 

PRDs  and  ZhRDs  consume  16  to  36  kg  of  fuel  per  hour  for  each  kilogram  of 
thrust.  Fuel  stored  in  a  wingless  rocket  does  not  perndt  powered  flights  of  more 
than  1.5-2  minutes. 

Air-breathing  jet  engines  (Fig.  3)  which  use  air  from  the  surrounding  atmos¬ 
phere  as  the  working  substance  and  as  the  oxidi2er  consume  significantly  less  fuel 
per  hour  for  each  kilograri  of  thrust  than  a  PRD  or  ZhRD  (from  1.0  to  6  kg/hr  per 
kilogram  of  thrust).  The  duration  of  the  pov/erec.  fliglit  of  a  winged  aircraft  with  a 
VRD^mjy  be  several  hours  (see  Section  3  of  this  chapter).  In  contrast  to  rockets 
idiose  operation  does  not  depend  on  the  surrounding  atnosphere,  air-breathing  jet 
engines  may  operate  only  within  the  limits  of  the  earth's  atmosphere. 

All  air-breathing  jet  engines  have  an  inlet  opening  or  a  diffuser  for  the  en- 
j  trance  of  air  and  an  exhaust  or  jet  nozzle  for  the  exhaust  of  the  operating  gases 
'  whose  reaction  creates  useful  thrust.  This  thrust  is  equal  to  the  change  in  n.omen- 
tum  of  the  exhausted  gases  and  the  incoming  air  that  occurs  every  second. 

Today  three  forms  of  air-breathing  jet  engines  are  prevalent:  turbojet  (ab¬ 
breviated  TRD  /tui'boreaktivnyye7),  pulse-jet  (PuVRD  /pul' siruyushchiye7),  and  ram¬ 
jet  (PVRD  /pryamotochnyye7) . 

We  shall  consider  the  principle  of  operation  of  each  of  these  three  forms  of 
air-breathing  jet  engines. 

A  turbojet  engine  (TRD)  is  composed  of  an  inlet  diffuser,  a  compressor,  a 
combustion  chamber,  turbines,  and  exliaust  nozzle  (Fig.  Ita,  in  the  diagram  the  dif¬ 
fuser  is  removed). 

Air,  compressed  by  the  compressor,  enters  either  a  combustion  chamber  where 

1.  air-breathing  jct  on/ine. 
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rig.  2 


(i)rop>o>te0  {^t)o»<uc/fu/ne/tt 


_ _ _ J 


A  liquid-fuel  rocket  engine  (ZhED).  a  -  scheiaatic,  b  -  extcrnel  view. 
Legend:  l)  fuel;  2)oxidl2er;  3)  pumps;  4)  velves;  5)  injectors;  6)  com¬ 
bustion  chamber;  7)  ZhPD;  8)  nozzle;  9)  gases. 


rig.  3  VRD  air-breathing  Jet  engines  on  the  wings  of  an  aircraft. 


ftiel  is  injected,  or  into  an  atomic  reactor.  The  enthalpy  of  the  gas  increases. 
Compressed  and  burnt  gases  bring  the  operating  wheel  of  the  turbine  into  rotation 
by  giving  up  a  portion  of  their  energy,  thus  causing  their  tenq)erature  and  pressure 
to  decrease.  The  gases,  after  operating  in  the  turbine,  flow  out  the  exhaust  nozzle 
at  a  velocity  which  exceeds  the  velocity  of  the  entering  air  stream,  and  act  on  the 
engine  with  some  reaction  force.  A  TRD  operates  on  energy  liberated  in  a  combustion 
chenber  or  a  reactor.  If  the  heating  of  the  gases  is  discontinued,  the  energy  re¬ 
leased  by  the  gases  in  the  turbine  proves  to  be  less  than  that  used  by  the  air 
during  compression  In  the  compressor,  and  the  rotation  of  the  turboconpressor 
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itotot  is  stopped.  The  thrust  of  the  turbojet  enp'lne  is  increased  by  increas- 
.  IlUInbo^  tff'coujreSsIbtt-stBKes  foKth'e  air  i&  tlia  com^>re3S(>r  and  by  on 

increase  in  the  tem.perature  of  the  gases  which  are  exhausted  fron.  the  combustion 
chamber  or  reactor.  However,  the  temperature  of  the  gases  at  the  turbine  entrance 
is  limited  by  the  heat-resistant  qualities  of  its  guide  vanes  and  operating  blades. 
During  supersonic  fli^t  speeds,  the  temperature  of  the  gases  which  ''.eave  the  com¬ 
pressor  becomes  high,  and  the  possible  heating  of  the  gases  in  the  combustion  cham¬ 
ber  is  negligible.  Therefore  turbojet  engines  are  suitable  only  for  flight  speeds 
which  do  not  exceed  the  speed  of  sound  more  than  3  times  (see  Fig.  11). 

For  an  increase  in  the  fields  of  application  of  turbojet  engines  they  ai'e 
equipped  with  afterburners  for  burning  fuel  in  the  gases  which  have  passed  through 
the  turbine  (Fig.  Ub  and  Fig.  see  page  258).  Turbojet  engines  vath  afterburn¬ 
ers  are  suitable  for  speeds  >Mch  do  not  exceed  the  speed  of  sound  more  than  3  or 
times 

Turbojet  engines  are  vddely  used  in  both  subsonic  and  supersonic  aviatici. 

Pulse- jet  engines  (PuVPJ))  consist  of  a  short  inlet  diffusor,  a  flap  valve 
assembly,  a  combustion  chamber,  and  a  long  cylindrical  exhaust  nozzle  (Fig.  5)» 

Fuel  is  injected  into  the  combustion  chamber.  An  electric  igniter,  a  "spark  plug," 
ignites  the  mixture  which  is  formed.  Burning  occurs  in  a  partially  enclosed  area, 
since  the  col’^'n  of  gases  in  the  long  cylindrical  nozzle,  due  to  its  inertia  pre¬ 
vents  the  rapid  expansion  of  the  combustion  products.  Therefore  the  pressure  in  the 
combustion  chamber  rises,  the  inlet  valves  automatically  close,  and  the  gases  are  be¬ 
ing  expelled  from  the  nozzle  v/ith  increased  velocity,  ’./hich  acts  ui>on  the  engine  #dth 
some  reaction  force.  Owing  to  the  inertia  of  the  column  of  gases  wnich  move  through 
the  exhaust  nozzle,  the  pressure  in  the  combustion  chamber  falls  below  that  of  the 
atmosphere  and  fresh  air  enters  the  chamber  through  the  valves  which  open  autorr^ti  cal- 
ly.  Then  the  entire  cycle  is  repeated. 


^Roy  Karquardt,  "Future  of  Rair-jet  Engines,"  American  Aviation,  I-II,  195h, 

2lj-28.  - 
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DiTirifc'  the  period  i.hen  the  valves  are  closed,  the  engine  has  jn^eat  aerodynanac 
drag,  especially  noticeable  during  transsonic  flights.  Therefore  a  PVilD  is  suitable 
only  for  aircraft  vhose  speed  is  less  than  that  of  sound. 

Ramjet  engines.  (PVRD)  have  an  inlet  diffuser,  a  combustion  chamber  with  nozzles 
for  feeding  fuel,  an  ignition  device,  a  flame  holder,  and  an  exhaust  nozzle  (iig.  6). 
The  coii5)ression  of  air  occurs  in  the  diffusor  of  the  PVRO  at  the  expense  of  its  kinet¬ 
ic  energy.  Therefore  a  PVRD  may  operate  only  in  an  air  stream.  The  oncoming  air  en¬ 
ters  the  expanding  diffuser  and  partially  loses  its  speed;  because  of  this  its  pres¬ 
sure,  density,  and  temperature  are  raised  in  proportion  to  the  initial  velocity  of  the 
air  streaii..  The  air,  compressed  by  the  diffuser,  enters  the  combustion  chamber  and 
is  mixed  with  fuel.  During  the  burning  of  the  mixture  that  is  formed,  the  enthalpy 
of  the  gas  increases,  while  the  pressure  decreases  insignificantly.  The  combustion 
products  are  forced  out  the  exhaust  nozzle  >dth  a  speed  greater  than  that  of  the 
entering  air  stream. 

During  speeds  of  3  tiices  the  speed  of  sound,  the  pressure  in  the  combustion 
chamber  of  a  PVRD  may  be  raised  approximately  2$  times.  Because  of  this,  a  device 
that  raises  the  pressure,  similar  to  a  turbine  or  a  corpressor  in  a  turbojet  engine, 
becomes  unnecessary. 

At  speeds  which  are  approximately  lov:er  than  half  the  speed  of  sound,  the  in¬ 
crease  of  pressure  attributable  to  the  velocity  on  the  free  stream  air,  is  insigni¬ 
ficant  (less  than  20^).  The  energy  liberated  by  the  burning  of  the  fuel  is  low, 
and  only  a  small  portion  of  the  enthalpy  of  the  combustion  products  is  transformed 
into  kinetic  energy.  Therefore  a  PVRD  is  not  used  at  low  speeds  (K<0.5). 

The  air  pressure  in  a  ramjet  engine  is  noticeably  sustained  only  during  heat¬ 
ing.  In  the  absence  of  heating,  the  air  flows  through  the  engine  duct  mthout 
slowing  and  the  pressure  remains  lov.  At  the  same  time,  the  speed  of  the  exhaust  is 
less  than  that  of  the  incoming  air,  because  of  the  energy  loss  due  to  friction  and 
shock  waves,  and  only  the  force  of  aerodj'namic  drag  acts  on  the  engine. 

At  flight  speeds  greater  than  3  tim.es  the  speed  of  sound,  rar.jet  engines  prove 
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Ii  DiajTdi  of  a  -jas  tiu’bine  engine,  a  —  t  rb  j-:-t  or,  ■  f,  b  —  .aftorb’jr 
of  a  turbojet  er.iun;. 

Legend:  1)  cleccric  .si-artcrj  2)  13-r‘a  corpressorj  3)  bufti 
berj  h)  two-fla£;.e  tiiroine;  5)  nosslej  c)  turbojet  online  nozzle;  <;  ^ 
rr.occ'iplos;  C)  varir,ble-.urca  nozzle;  >}  diffusor;  It  /  pr.-tiua'-ic  nozzle 
instrur.-.ent . 
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Fi(;.  $  k  pulse-jeL  cctrine  (r'uV.ib).  a  --  scheraVic,  b  —  ir.sLf.llcd  on  a  ini  sail  a* 
Le£;end:  1)  fuelj  2)  injectors;  3)  air;  U)  flap  valve  aEcc.K'-bly ;  b)  ir- 
niter;  6)  corbustion  charier;  7)  exhaust  nozzle. 


a) 


a 


Fio*  6  A  ramjet  cn;:inc  (PVRD).  a  —  subsonic  FV;iD,  b  ar.d  c  —  sup.irsor.ic  .-'V.iDc 
at  <  2  arc.  at  >  2 . 


to  be  more  econcrdcal  than  any  other  sort  of  pcvcr  plant. 

The  idea  of  a  rar.jet  encirj'r  ;.'as  advanced  in  1!/13  oy  -h-  French  en-:inccr  licr\6 
Loren,  vho  described  his  ir.ver.tio!'.  in  an  article  putlirhed  in  the  .Tajazi.-.e  Aerofilc 
in  1913V  :ie  did  not  have  a  clear-cut  idea  of  hi^h-epeed  flight  and  t;-.crefore  be¬ 
lieved  that  the  cn^iine  efficiency  vould  alv.'ays  be  lov .  Loren  apparently  did  not 
undertake  any  attempts  to  br'in,;  his  invention  to  raality. 
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Fit';.  7  :3asic  scheriatic  of  an  atorlo  air-breathinf';  en^’ine.  a  --  en;;ine  vitli  direct 
air  }ieatin;;j  b  —  en.;^'inc  vitii  intC'r.“.eciate  heat  conductor. 

'Legend;  1)  dlfl’.iri'jr ;  2'  Tqj.i,  ;  3)  ;  h)  nnzzi.c;  iJ''  air-coclcu  rcactorj 

6)  control  Inotriu.on^nj  V;  notr.l;  d)  Tjj  >  y)  r.clal-ccolcd 

reactor;  10)  ptunp. 


In  1?26,  the  r:n^lislur;an  'denjandn  Carter  took  out  a  potent  on  a  ra;.jet  engine 
for  artillerj'  shells.  He  specified  the  necessary  units  for  the  fla:.eholdcrs,  and 
for  flight  speeds  in  the  order  of  ICO  n/sec  he  suggested  injecting  the  fuel  against 


the  air  stream  to  increase  its  spray  and  vaporization.  Infor.vation  about  the  tests 
of  his  invention  is  not  to  bo  found. 

In  1?29  the  Russian  scientist  53.  S.  Stechkin  published  the  article  'The  Theory 
of  Air-Hreathing  Jet  Engines,"  which  served  as  the  foundation  for  the  furthering  of 
theoretical  development. 

In  193b  the  French  engineer  Rene  Leduc  took  out  a  patent  on  an  aircraft  with  a 
ramjet  engine.  Lcduc  began  the  development  of  rajnjet  engines  in  1933*  and  in  193? 
began  static  tests  of  a  model  PVRD  which,  for  that  time,  had  the  high  speed  of 
1,000  km/hr,  and  v/hich  proved  its  practicability  over  any  other  type  engine.  Leduc' s 
model  of  an  aircraft  with  a  PVflD  was  exhibited  at  the  Paris  air  exhibition  in  1938, 
and  during  the  same  year  the  construction  of  an  experimental  aircraft  was  begun  at 
the  Brega  plant. 

At  the  time  of  the  German  invasion  of  France,  this  experimontal  aircraft  was 
not  finished.  The  interrupted  v.ork  was  rcs'jr.cd  in  19b?,  and  at  tiie  end  of  that  year 
the  experimental  aircraft  Lcduc-010  was  finished.  However,  until 1954,  .no 
ftes'te  wore-.  cor*dut ted  of  the  modified  fdrms  of  this  aircraft  et  eupersonic  . speeds. 
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In  1939  the  Soviet  engineer  I.  A»  Kerkulov  built  and  flight-tssted  a  subsonic 
rai&jet  engine  which  was  intended  as  an  auxiliary  engine  for  propeller-driven  air- 

^kraft. 


During  the  Second  Vorld  Kar,  work  on  ramjet  engines  was  carried  out  in  Germany, 
Riband,  the  USA,  and  the  USSR*  Reference  to  the  progress  made  in  tliis  v;orl:  v^ill  be 
found  further  in  the  text  dealing  v.-ith  the  developmen':  of  the  individual  pai'ts  of 
the  ramjet  engines. 

PVRDs,  just  as  TRDs,  arc  able  to  operate  on  both  molecular  fuel  a>';d  atomic  fuel 
(Fig.  7). 

Section  2.  Parameters  of  Jet-Propelled  Engines 

The  operation  of  jet-propelled  engines  is  characterized  by  a  number  of  para- 
■eters.  By  comparing  the  numerical  significance  of  the  various  systems  of  jet-pro¬ 
pelled  engine  parameters  with  one  another,  their  conparative  advantages  and  disad¬ 
vantages  may  be  brought  out. 

The  thrust-weight  ratio  of  an  engine  is  characterized  by  the  frontal  or  mid¬ 
ship  thrust  Frontal  thrust  is  equal  to  thrust  R,  which  is  attributed  to  the 

frontal  area  of  the  engine  ,  that  is,  to  the  unit  of  area  of  its  maximum  cross 
section. 


The  frontal  thrust  of  a  rocket  engine  depends  on  the  nature  of  the  propellants, 
the  pressure  in  the  combustion  chamber,  and  on  the  construction  of  the  chamber  and 
nozzle. 


Knowing  the  nature  of  the  fuel,  the  oxidizer,  and  the  pressure  in  the  combus¬ 
tion  chamber,  it  is  possible  to  calculate  the  frontal  tlarust  and  the  fuel  comsump- 
tion  of  a  rocket  engine.  Similar  computations  indicate  that  solid-fuel  rocket  en¬ 
gines  usually  possess  higher  frontal  thrust,  but  always  at  lower  eco..oir.y  than  liquid- 
fuel  rocket  engines. 

The  parameters  of  air-breathing  reaction  engines  depend  on  the  speed  and  alti¬ 
tude  of  the  flight,  and  on  the  temperature  and  pressure  of  the  combustion  products 
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before  the  exhaust.  The  temperature  is  determined  by  the  nature  of  the  fuel  and  the 
conposition  of  the  mixture:  the  pressure  by  the  speed  of  flight,  the  construction 
of  the  diffuser,  and  the  operation  of  the  compressor.  The  parameters  of  turbojet 
engines  depend  on  the  gas  temperature  before  the  turbine  and  the  heat-resistance 
liBdts  of  the  material  from  which  the  turbine  blades  are  made.  The  use  of  nev;  heat- 
resistant  alloys  and  cermets  affords  the  possibility  of  raising  the  temperature  of 
the  turbine  blades,  which  will  improve  the  parameters  of  the  engine. 

The  parameters  of  supersonic  ramjet  engines,  apart  from  the  nature  of  the  fuel 
and  the  composition  of  the  fuel  mixture,  depend  mainly  on  the  pex'fection  of  the  dif¬ 
fuser,  in  which  the  compression  of  the  entering  air  stream  occurs. 

In  order  to  give  an  idea  of  the  comparative  advantages  and  di -advantages  of 
various  aircraft  engines.  Fig.  8,  9,  and  10  indicate  the  parameters  computed  with 
the  high  heat  resistance  and  coefficient  of  pressure  recovery  which  were  reached  in 
1953*  (These  are  borrowed  from  an  article  by  Marquardt.^)  With  an  increase 

in  permissible  temperature  and  the  perfection  of  diffusers,  the  parameters  of  Jet 
engines  improved  and  the  field  of  their  application  were  broadened,  but  the  compara¬ 
tive  evaluation  of  various  types  of  engines  was  not  significantly  altered. 

The  thrust  of  a  jet  engine,  stated  in  units  of  weight  of  the  engine  construc¬ 


tion  ,  is  called  the  specific  weight  impulse. 
vkd 


(1.2) 


With  a  h'^e'her  specific  weight  impulse,  the  relative  weight  of  construction  is 


less  (Fig.  8). 


The  relation  of  frontal  thrust  to  the  dynamic  head  of  the  free  air  stream 
■<  €5  roniaH  thft  t.hriist  eopf  f  1  r-f  pnt.  : 


is  called  the  thrust  coefficient  Cj^: 


c  -J± 

f  • 


(1.3) 
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Fig*  8  Specific  weight  impulses  of  various  engines. 

1.  Piston  engine  (PD).  2.  Turbojet  engine  (TRD).  3*  Turbojet  engine  with 
afterburner  (TRDF).  U.  Ramjet  engine  (PVRD).  5.  Liquid-fuel  rocket  engine 
(ZhRD) 

Legend:  a)  Specific  weight  impulse  (kg  thrust/kg  weight);  b)  Mach. 


From  (1.1)  and  (1.3)  we  get 


(l.li) 


where  yt  is  the  flight  speed  in  m/sec; 

^  is  the  density  of  the  free  air  stream  in  kg/m^. 

As  seen  from  the  formula  (l.U),  the  thrust  coefficient  is  determined  by  such 


ejqpressions  as  the  drag  coefficient  c^: 


*  2g 


(1.5) 


The  thrust  bf  the  engine  R  during  stable  horizontal  flight  is  equal  to  the 
total  aerodynamic  drag  of  the  aircraft  X:  R  »  X. 

For  an  increase  in  speed  or  altitude  R  >  X. 


Therefore,  in  order  for  a  jet  engine  to  be  suitable  for  use  in  an  aircraft,  the 
thrust  coefficient  must  be  not  less  than  the  drag  coefficient  cr^Cx.  If  the  drag 
coefficient  of  the  aircraft  is  ’movm,  then  by  the  magnitude  of  the  thrust  coefficient 
it  becomes  possible  to  judge  the  sxdtability  of  a  jet  engine  for  flights  at  some  given 
speed  (since  Cg  and  c^  depend  on  the  flight  speed  in  various  forms). 

The  operation  of  rocket  engines  does  not  depend  on  the  speed  of  the  free  air- 


stream;  therefore,  the  conceotion  of  thrust  coefficient  does  not  usually  apply  for  '' 


liquid-fuel  rocket  engines. 
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The  economy  of  an  engine  which  develops  thrust  at  the  expense  of  heat  liberat¬ 
ed  during  propellant  combustion  is  expressed  by  the  specific  impulse  I  or  specific 
fuel  consumption  Cg. 

The  thrust  obtained  in  burning  1  kg  of  fuel  in  1  second  is  called  the  specific 
impulse.  If  during  fuel  consumption  G  kg/sec  the  engine  develops  a  thrust  of  R  , 


then  the  specific  impulse  is: 


/=i. 


(1.6) 


The  dimension  of  specific  impulse  is 

'  [4-]  =  [-“1 

The  greater  the  specific  irpulse,  the  more  economical  the  engine  operates. 

* 

The  fuel  consumption  per  hour  necessary  to  develop  1  kg  of  thrust  is  called 
■Uie  specific  fuel  consumption.  If  an  engine  consuming  G  kg/sec  of  fuel  develops  a 
thrust  of  R  kg,  the  specific  fuel  consumption  Cg  will  be  equal  to: 


.36000  3600 


(1.7) 


The  dimension 


N  tl 


kg  of  fuel  *1  *  *  1 
kg  of  thrust/hrj  hr 


The  specific  fuel  consumption  or  specific  impulse  of  a  rocket  engine  depends 
on  the  nature  of  the  propellants,  the  pressure  in  the  combustion  chamber,  and  the 
construction  of  the  engine.  The  specific  fuel  consUiiption  or  the  specific  impulse 
of  an  air-breathing  jet  engine  depends  on  the  nature  of  the  fuel,  the  construction 
of  the  engine,  and  the  speed  and  altitude  of  flight  (Fig.  9). 

From  Fig.  9  ve  see  that  at  M  <0.7  piston  engines  with  propellers  possess  the 
most  economical  specific  weight  impulses.  At  H  from  0.7  to  2.0  turbojet  engines 
have  the  best  economy.  At  M~2  turbojet  engines  with  afterburners  (TRDF)  have  the 
best  econoity.^  At  M>2  ramjet  engines  have  the  best  economy  and  highest  frontal 
thrust.  With  the  improvement  of  heat-resistant  materials,  the  field  of  application 
of  a  turbojet  engine  will  be  broadened. 

^RDF  —  Turboreaktivnyy  ovigatel's  forsazhnoy  kan.eroy  —  Tiirbojet  engine  with 

tfterburner.  A  turbojet  engine  which  burns  additional  fuel  after  the  turbine,  or  a 
turbojet  with  an  afterburner. 
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For  the  final  elucidation  of  the  Question  of  the  fields  of  c5)p3J.c:*tion  of  the 


same  or  different  types  of  ensines,  it  is  necessar-/  to  confute  the  duration  and 
length  of  flight. 


Legend: 

a)  Specific  fuel  consuinption 
attributed  to  useful 
thrust,  kg/kg  hr. 

b)  Kach 


Pig.  9  Specific  fuel  consumption  of  various  types  of  engines. 

Designation  same  as  in  Fig.  8. 

Seevion  3«  Duration  of  Operation  and  Range 

The  duration  of  the  cruising  flight  of  an  aircraft  (the  duration  of  flight  with 

an  operating  engine)  is  determined  by  the  relative  fuel  capacity  on  board  V  and  the 

fuel  consumption  per  second  G« 

The  ratio  of  a  full  load  of  fuel  I^to  the  take-off  weight  of  the  device 
is  called  the  relative  fuel  cspacity  (fuel  to  gross  weight  ratio). 

(1.8) 


The  relative  fuel  capacity  of  a  long-range  rocket  of  the  V-2  type  reached 
0.68.  In  essence,  it  is  possible  to  increase  somewhat  this  value.  The  relative 
fuel  capacity  of  an  aircraft  is  usually  less  than  that  of  a  wingless  rocket. 

The  thrust  R  required  for  a  flight  depends  on  the  angle  of  the  flight  trajec¬ 
tory  to  the  horizon,  on  the  aerodynamics  of  the  aircraft,  and  on  the  flight  speed. 

The  ratio  of  lift  to  drag  or  the  ratio  of  weight  to  thrust  during  horizontal 
flight  with  a  constant  speed  is  called  the  aerodynandc  quality  of  an  aircraft  k: 


P 

I 


(1.9) 


The  fuel  consumption  is  determined  by  the  required  thrust  R  and  the  specific 
thrust  I  or  the  specific  fuel  consumption  Cg 
F-TS-9740/V  Xh 


(1-10) 


^  The  duration  of  flight  during  constant  thrust  R  =  const  is  equal  to  the  ratio 
of  fuel  load  to  the  fuel  consumption  C : 


By  the  combustion  of  the  fuel,  the  gross  wei^t  of  an  aircraft  P  =  Py  +  P^is 


decreased,  and  therewith  the  required  thrust. 

*  * 


(1.12) 


Here  is  the  empty  weight  of  the  device.  The  reduction  of  v:eight  for  the 

time  dt  is  equal  to  the  weight  of  the  burned  fuel: 

-dP  »  G  dt  «  dt  *=  —  dt 

I  VT 


Hence 


dt  -  -  Id  ~ 


Integrating  to  the  limit  from  P  to  P  ,  we  find  that  the  duration  of  flight  at 

XI  s 

a  constant  speed  (  tt  *  const),  constant  quality  k,  and  varying  thrust  ^  ® 


t^kl\n^=-kl\n  — 
Pc 


(1.13) 


Comparing  the  e3q)ressions  1,11  and  1.13,  we  see  that  the  duration  of  flight 


during  variable  thrust  is  greater  than  with  constant  thrust  by 
If  V  0.70,  then 


times. 


-»  0,7  ^  1-0,7 


1,725. 


The  range  of  flight  depends  on  the  duration  and  speed  of  fli^t 

/=w/=cM/. 


(1.1)4) 


Here  P*  ^  is  the  Mach  number  (see  Chapter  II,  Section  7)j  c  is  the  speed  of 
sound  in  m/sec  or  km/sec. 

Having  used  1.13,  we  finally  obtain 
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1 


(1.15) 


I  expressed  in  the  same  units  of  length  used  in  defining  the  velocity. 

The  last  formula  is  called  Tsiolkovskiy* s  formula,  or 

knu  (1.16) 

The  speed  in  the  formula  (1.16)  is  expres'sed  in  kro/hr. 

The  product  cMI  ■  ^  «  wl  is  called  the  range  parameter.  It  is  expressed  in 


vr 


The  value  of  the  range  parameter  ^  depends  on  the  type  of  engine  and  the 
-3ht  speed  (Fig.  10).  At  subsonic  flight  speeds  a  longer  flight  range  may  be  ob- 
ned  through  the  use  of  piston  engines;  at  transsonic  flight,  by  the  use  of  turbo¬ 
engines;  at  speeds  of  K  ■  1.6  to  M  «  2.5,  by  the  use  of  turbojet  engines  with 
erburners;  and  at  M!>  2.5  and  greater,  the  longest  powered  guided  flight  is  by 
ns  of  ramjet  engines.  With  increased  permissible  temperatures  at  the  turbine 
ranee,  the  field  of  application  of  a  turbojet  engine  for  long  flights  is  widened 
include  higher  speeds. 


QM 


g.  10  Range  factors  of  various  engines.  Designations  same  as  in  Fig.  8. 

.JLegend:  a)  Wd^t  range  parameter  in  km  (speed/specific  fuel  consuiiirbion)>  b)Hach* 

Example  1.  Let  us  find  the  duration  of  flight  of  an  aircraft  with  a  turbojet 

gine  when  M  »  1;  V  ■  O.U;  k  «  8;  ■  1.2 

1 


k 

n  In 


1  -y 


In  ^  .  3.14  honrs 
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^  Exairple  2«  Let  us  find  the  duration  of  vertical  flight  of  a  rocket  with  a 
liquid-fuel  rocket  engine  when  V  «  0.68;  C_  *  16  2;  ,  if  the  ratio  of  take-off  weight 


■p 

to  thrust  is  ^  «  0.5  and  thrust  tends  to  be  constant  in  flight: 


hr 


0,68.0,5 

'“ci* - iJ— =0.021  hr.  =76  sec. 


Example  3«  Let  us  find  the  range  of  powered  horizontal  flight  of  a  winged 
stratosphere  missile  of  the  "Mavaho"  type  (see  page  21),  vdth  a  ramjet  engine  at 
speeds  of  15  =  2.5,  if  the  quality  of  the  missile  k  =  5  and  the  relative  fuel  v:eight 
V  =  0.7. 


The  speed  of  sound  in  the  stratosphere  is  c  *  295  m./sec. 


consumption  of  a  ramijet  engine  at  M  =  2.5  is  C_  =  2.6  kg/hr  kg. 


fM*  I 


2‘J5.3.G.2,5-f»  1 

‘  2.6“  ,-0.7-="-"'^'^ 


The  specific  fuel 
The  range  is 


Section  Ij.  The  Fields  of  Application  of  Various  Types  of  Jet  Engines 

The  brief  information  about  jet  engine  paramieters  in  the  foregoing  paragraphs 
"pennlts  d0teinnln4tion  of  the  areas  of  speed  and  .altitude  at.  which  ithe,.pn£<ineq  of  one 
.!»<*  another  .'type  maybe  raosti  effectively  used  (Fig.  U)-^. 


Fig.  11.  Areas  of  operation  of  v-^ious  types 
of  jet  enrines.  (Designations  sam;e  as 
in  Fig.  8). 


Fig.  12.  The  take-off  of  a 
missile  with  assist  rockets. 


“Guided  Missiles"  (review),  Voprosy  raketnoy  tekhnikl  /^estions  of  Rocket 
Technics/,  No  1,  1956;  G.W.  Gardner,  "Guided  Missiles,"  Chartered  Kech.  Engineers. 
1955,  No  1,  page  2. 
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Rocket  engines  operating  on  solid  fuels  (PRD)  and  those  operating  on  liquid 
fuels  (ZhRD)  maj'  be  used  at  any  speed  and  at  any  altitude.  The  altitudes  are  limited 
by  the  aerodynamics  of  the  aircraft  and  not by  the  peculiarities  of  the  rocket  engine. 

Rocket  engines  are  used  as  take-off  boosters  to  cut  ,n  runvay  lengths  and 

time  d^tring  the  take-off  of  aircraft  with  piston,  turboprop,  or  air-breathing  jet 
engines;  on  guided  missiles;  on  antiaircraft  rockets;  and  on  long-range  rockets 
(Figures  12,  13  and  lit).  At  the  end  of  the  Second  ..orld  V/ar,  rockets  had  a  range  of 
300  kra.  Tills  range  was  increased  ay  increasing  the  specific  tlmist,  the  talreofi 
weight,  and  the  relative  fuel  supply. 

The  intercontinental  ballistic  missile  has  been  successfully  tested  in  the 
USSR;  it  is  able  tc  hit  any  point  on  the  earth’s  surface.  The  speed  of  the  missile 
is  many  times  greater  than  that  of  sound  at  the  end  of  the  operation  of  the  missile’s 
engine.  The  missile  is  propelled  by  inertia  for  the  greater  portion  of  its  flight  at 
enormous  altitudes  and  in  very  rarefied  atmosphere.  This  portion  of  flight  is  prac¬ 
tically  unguided. 


Fig.  13.  The  ’Viking"  high-altitude 
rocket. 


Fig.  lli.  The  "Nike"  antiaircraft 
g\iided  missile. 


During  powered  flight,  the  long-range  missile  is  directed  by  means  of  internal 
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rudders  located  in  the  exhaust  gas  stream  and  receiving  signals  from  the  autopilot 


or  by  radio. 

High-altitude  rockets  with  ZhRDs  are  also  used  for  scientific  purposes:  for  re 
search  of  the  upper  layers  of  the  atmosphere,  solar  radiation,  cosmic  rays,  etc. 

Data  about  the  layers  of  the  atmosphere  at  altitudes  of  more  than  1:0  km  (Table  1.1) 
are  obtained  by  high-altitude  rockets  (V-2s  and  "Vikings")  which  have  instrument 
compartments  in  place  of  warheads  in  their  upper  portions. 


TABLE  1.1 

PlffSICAL  DATA  0?  TilE  ATIDSPIEIS 


(Ob'iicdhc'Ivby  Altitude  RoLI-Ig) 


Altitude  1 

km.  [ 

Teimperature 
>  ThK 

Pressure 
mm  Hg 

Density 
•  Y]i  kg/m3 

0 

288,0 

760 

1.1 

io 

230.8 

210 

4,2.10-» 

29 

212,8 

42 

9.3. 10-* 

30 

231.7 

2.5 

I.9.IO-* 

262.5 

2.4 

4,2- 10-* 

••  SO 

270,8 

7,6.10-« 

1,2.10-* 

i  " 

252.8 

2,2.10-t 

3.5.10-4 

70 

218,0 

5,5.IO-» 

9,7. 10-* 

•0 

2a5,0 

1,M0~* 

2,110-* 

20 

217,0 

2,0.10-4 

4,1.10-4 

100 

240,0 

6,0. 10-4 

8.6.10-» 

no 

270,0 

2,0. 10-4 

2,0.10-» 

120 

330,0 

6,0.10”* 

5,6.10-4 

130 

390,0 

2,0.10-^ 

1,9- 10-4 

140 

447.0 

7.0.10”* 

7,6- 10-4 

ISO 

503,0 

3,7.10-* 

3.4. 10-4 

S60.0 

2,0.10-* 

1,6. 10-4 

180 

676,9 

7.0.10-T 

4.8.10-W 

200 

792,5 

3,0.I0”» 

l,7.10->* 

220 

906.6 

1,4.10”» 

7,0.10-« 

On  k  October  1957  the  Soviet  Union  launched  the  first  earth  satellite  vehicle 
by  means  of  a  rocket  carrier.  The  satellite  had  a  diameter  of  58  cm,  a  weight  of 
83.6  kg,  and  carried  instruments  and  transmitters.  A  month  -^ter,  3  November  1957, 
the  second  satellite  was  launched,  carrying  more  complicated  eq:iipment  and  weighing 
6  times  as  much. 

ZhRDs  are  used  as  the  primary  engines  also  for  planes  designed  for  the  stuefy  of 
supersonic  flights  (Fig.  15). 
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Turbojet  engines  (TRD)  are  used  on  high-speed  civil  and  irilitary  aircraft  of 
various  types  (Fig.  16).  Heavy  aircraft  with  TRDs  are  able  to  fly  8,CXX)  km  with  a 
) speed  of  more  than  1,000  km/hr.  Modem  aircraft  with  TRDs  develop  supersonic  speeds. 

TRDs  with  afterburners  and  dual  cycle  TRDs  are  intended  for  flights  at  speeds 
reaching  3  times  that  of  sound  (see  Fig.  11).  Augmented  TRDs  are  installed  in  light 
as  well  as  heavy  aircraft. 

The  broadest  application  in  regard  to  speed  and  altitude  is  that  of  ramjet 
engines  (see  Fig.  11). 

With  an  increase  in  flight  altitude  the  atmospheric  pressure  falls  (see  Table 
1.1)  and  conditions  for  carburetion  and  fuel  ignition  in  the  combustion  chamber  of  a 
VRD  worsen  (see  Chapter  VIII).  On  the  other  hand,  with  an  increase  in  flight  veloc¬ 
ity,  the  pressure  in  the  chamber  increases  in  proportion  to  the  free  stream  dynamic 


head.  Therefore,  th'^  greater  the  flight  speed,  the  greater  the  altitude  yjp  to 
which  burning  in  the  conibustion  chamber  of  a  VRD  Trill  occur  under  satisfactory  con¬ 
ditions.  Ramjet  engines  are  able  to  (tevelop  the  greatest  speeds.  Therefore  they 
can  operate  at  greater  altitudes  than  any  other  air-breathing  jet  engine.  Super¬ 
sonic  PVRDs  possess  greater  altitude  capabilities  than  stzbsonic  ones,  the  altitude 
capability  of  a  subsonic  PVRD  operating  on  hydrocarbon  fuel  is  aln.ost  10  km. 

Subsonic  FVRDs  are  used  in  target  drones,  aircraft-type  missiles,  and  heli¬ 
copters. 

Target  drones  are  used  for  training  antiaircraft-artillery  and  fighter  pilots, 
and  for  testing  various  means  of  antiaircraft  defense,  replacing  costly  aircraft.  The 
target  drone  is  carried  to  the  required  altitude  by  a  control  aircraft,  the  ramjet 
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engine  is  starred,  and  the  target.  Is  released  fron  the  control  aircraft,  it  flies 
independently,  controlled  an  autopilot  or  \rj  radio  cennann  (Fig.  17). 

^  PTOLe  Ins*  .lied  in  helicopters  are  located  at  the  ends  of  the  rotor 

■blades  (/!/»•,  iir; .  A  helicopter  with  a  PV:D  is  sirole,  reliable,  cheap,  and  does  not 
need  any  additional  means  to  counteract  body  torque  since  the  engines  are  on  the 
rotor  itself. 

Supersonic  remjet  engines  are  used  in  antiaircraft  missiles,  on  supersonic 
aircraft,  and  in  winged  long-range  missiles. 

Antiaircraft  rockets  with  ramjet  engines  take  off  with  the  aid  of  starting 
rockets,  gaining  altitude  and  foliov/ing  thei  selected  target  through  tl  o  operation 
of  the  ramjet  engine  (Fig.  19). 

A  fighter  aircraft  with  a  ranj'et  engine,  a  prototype  of  which  is  the  Leduc 
aircraft,  starts  with  the  aid  of  rockets  or  a  turbojet  engine  and  continues  its 
flight  through  the  operation  of  a  ramjet  engine  (Fig.  20). 

A  winged  long-range  missile,  an  example  of  which  is  the  "Kavaho,"  designed  in 
the  USA,  starts  with  the  aid  of  a  liquid-fuel  rocket  engine  and  then  coii5)letes  its 
planned  flight  through  the  operation  of  two  ramjet  engines  located  under  the  fuse¬ 
lage.  The  confuted  range  of  this  missile,  which  is  intended  for  intercontinental 
flights  with  a  hydrogen  bomb  at  speeds  2,5  -  3.0  tines  greater  than  that  of  sound, 
is  8,000  km  at  an  altitude  of  20  to.  The  most  effective  means  of  defense  against 
winged  long-range  rockets  would  probably  be  supersonic  fighters  with  ramjet  engines, 
carried  into  the  air  by  control  aircraft,  forming  barrages  near  the  defensive  object 
and  supersonic  missiles  supplied  with  a  radio  control  and  an  Internal  guidance  system 
(see  Fig.  14  and  19). 

In  summary,  we  may  say  that  the  primary  characteristics  of  ramjet  engines  are 
their  ability  to  operate  at  very  high  flight  speeds  and  at  greater  altitudes  than 
turbojet  engines;  greater  economy  and  lighter  weight  as  compared  with  liquid-fuel 
engines;  absence  of  moving  parts  and  simplicity  of  construction.  Basically,  their 
shortcomings  are  tne  absence  of  static  thrust,  their  need  for  a  positive  start,  and 


^ow  economy  at  subsonic  flight  epeeds.  Ramjet  engines  are  the  most  effective  engines 
for  great  superscnic  speeds  in  aviation. 


Fig.  16.  Aircraft  with  turbojet  engines. 

a  —  Passenger  aircraft  Tu-lOU;  b  —  fighter;  c  —  heavy  bonber 
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Fig.  17.  Application  and  testing  of  r/RDs. 

b  —  American  Loclcheed  X-7  test  missile  used  for  testing  supersonic 
rar.jet  engines. 


Fig.  18.  A  helicopter  vith  ramjet  engines  at  the  ends  of  the  rotor  blades. 


r  1 
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Fig.  19.  Bristol-Boeing  antiaircraft  rocket  with  two  supersonic  ramjet  engines. 


Fig.  20.  Interceptor  with  a  ramjet  engine. 
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Fig.  21.  Tflnged  long-range  rocket  of  the  ’•Fareho'’  tjrpe  »lth  supersonic  ramjet 
engines. 
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CHAPTER  II 


THE  FUNIAMENTALS  OF  GAS  DYNAMICS 


The  velocity  of  gases  relative  to  the  vails  of  a  jet  engine  is  so  great  that 
in  investigating  the  flow  it  is  necessaiy  to  consider  the  compressibility  of  the  gas. 
The  tesq;>erature  and  pressure  c"  a  compressed  gas  fluctuate.  The  changes  in  the 
state  of  a  gas  which  exchanges  energy  with  the  sxirrounding  medium  are  expressed  in 
terms  of  the  laws  of  thermodynamics.  The  motion  of  a  gas  irtiich  is  considered  an  in¬ 
compressible  fluid  is  described  in  terms  of  the  law  of  aerodynamics.  The  laws  of  the 
flow  of  a  compressed  gas  are  a  combination  of  aerodynamic  and  thermodynamic  laws. 

The  science  of  the  motion  of  a  ccmipressed  gas  is  called  gas  dynamics.  Generally, 
aerodynamics  may  be  considered  as  a  particular  case  of  gas  dynamics. 

Valuable  conclusions  about  the  characteristics  of  a  flow  of  compressed  gas  may 
be  made  from  the  laws  of  the  conservation  of  matter  and  energy. 


Section.  1.  The  La./  of  Flow  Continuit 


Ve  shall  consider  a  gas  flow  tdiich  flows  through  the  cross-section  of  a  tube 
(Fig.  22).  In  the  section  the  gas  has  a  speed  of  Wj^,  a  density  of  a  tempera¬ 
ture  of  T;j^,  and  a  pressure  of  The  gas  parameters  in  section  83  are  marked  with 
the  index  •2". 

Th^  volume  which  floors  through  this  tube  section  every  second  is  called  the 
volumetric  discharge  Q: 


rt _ ^  Sdx  „ 

mm  \ 


(2.1) 


Fig.  22  For  the  solution  of  the  basic  flow  equation. 


F-T3-9740/V 


26 


The  volumetric  discharge  equal  to  the  time  deriviti'.e  of  the  incoming  volume 
is  measured  by  the  product  of  the  speed  of  the  flow  w  and  the  flow  section  S.  In 
the  computation  of  the  volumetric  discharge,  the  same  units  of  length  are  used  in 
the  e^qpression  of  speed  and  cross  section:  •  if,  for  example,  speed  is  expressed  in 
n/t  vic  and  the  cross  section  in  m^,  then  the  volumetric  discharge  is  obtained  in 
nVsec. 

The  quantity  of  kilograms  of  gas  idiich  flow  through  the  section  under  consider 
ation,  per  unit  of  time,  is  called  the  mass  flov;  rate  G; 


(2.2) 


The  mass  flow  rate  equal  to  the  time  derivative  of  the  mass  of  the  flowing 
substance  is  measured  by  the  product  of  the  flow  section  S,  speed  w,  and  density  • 

If,  along  the  length  of  the  tube,  mass  exchange  with  the  surrounding  medium 
is  absent,  then,  according  to  the  law  of  the  conservation  of  matter,  the  amounts  of 
substance  which  flow  every  second*  through  any  section  of  a  pipe  are  equal  to  one 
'iSother* 

Sections  1  and  2  may  be  described  by  (2.3) 

Gl^Gt  ; 

or 

G—WiSt'(t=^^t'tt- '  (2.1*) 

1 

In  the  absence  of  sources  and  sinks,  the  product  of  the  pipe's  cross-section, 
the  flow  speed,  and  the  density  is  of  constant  value.  The  law  expressed  by  equation 
(2.1*)  is  called  the  law  of  the  continuity  of  flow. 

The  law  of  the  continuity  of  flow  is  a  result  of  the  law  of  the  conservation 
of  matter. 

Density  is  written  in  the  same  units  of  volume  as  is  volumetric  discharge. 

If,  for  example,  speed  is  expressed  in  m/sec,  cross-section  in  m^,  then  density  will 
be  expressed  as  kg/m^  or  t/m^.  The  discharge  by  weight  Trill  then  be  expressed  in 
Icg/sec'.  or  t/sec*  , 

The  lair  of  flow  continuity  is  widely  used  in  the  gas  dynamics  of  reaction 
engines. 


r-TS-9740/v 


27 


Section  2»  The  Law  of  Conservation  of  Energy  for  a  Gas  Stream 

The  law  of  the  conservation  of  energy  is  also  widely  used  in  gas  dynamics.  Let. 
ua  asstaoe  a  gas  is  allowed  to  flow  along  the  cross-section  of  a  tube  (see  Fig.  22). 
During  tline  dt,  dmj,  kg  of  gas  will  enter  the  tube.  The  speed  of  the  movement  of  the 
gas  is  equal  to  wj^.  The  kinetic  energy  of  the  gas  entering  the  tube  in  time  dt  is 
equal  to 

(2.5) 


The  sum  of  the  kinetic  and  potential  energies  of  the  atoms,  molecules,  and 
other  particles  is  called  the  internal  energy  of  the  body .  The  internal  energy  of 
an  ideal  gas  is  proportionate  to  its  temperature. 

If  the  temperature  of  a  gas  is  T]^*  ^hen  the  internal  energy  of  the  gas,  which 
enters  the  tube  in  time  dt,  is  equal  to 

=r,7*,  rfm,.  (2.6) 

^  * 

The  gas  pressure  is  equal  to  p^.  The  section  may  be  considered  as  a  rigid 
piston.  The  work  which  this  hypothetical  piston  acconplishes  on  the  gas  in  the  tube 
is  equal  to 

The  energy  brought  in  by  the  gas  in  the  tube  through  section  is  equal  to 
Ihe  sum 


(2.8) 


k  •  is  the  thermal  equivalent  of  work. 


The  energy  carried  away  by  the  quantity  of  gas  dmg  flowing  out  through  section 
$2  in  time  dt  is  equal  to 

AdK,  +  AdU,■^■dE,^^^^  +c,T,dm,-\-Ap,dV,. 

The  energy  released  in  the  tube  is  designated  by  dH.  The  heat  which  goes 
throu^  the  walls  of  the  tubs  and  is  dissipated  into  the  siirrounding  atmosphere  is 
designated  bySq. 

According  to  the  law  of  the  conservation  of  energy 
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If  liberation  of  energy  does  not  occur  in  the  flow,  then 

dH  •  0 

If  the  flow  is  adiabatic,  i.e*  if  it  occurs  vathout  exchange  of  energy  irith  the 
^bient  atmosphere,  then_ 

In  this  case 

Aujdftti  ,  —  ,  .  Av^dm^ 

—  4-  rfmj  +  Api  d  V,  =  — ~ —  4.  c^Tt  drrit  4-  Apz  d  Vt.  ( 2 .10) 

According  to  the  law  of  the  conservation  of  matter 


dm,  = 


<^2 


Dividing  both  sides  of  the  last  equation  by  dm  and  noting  that  ^  is  equal  to 
the  specific  volume  of  the  gas  v,  we  obtain 


Ate 


Avi\ 


2^ 


(2.11) 


The  sum  of  the  internal  energy  of  1  kg  of  gas  CyT  and  the  work  of  gas  dis¬ 
placement  under  the  action  of  internal  pressure  p  is  called  enthalpy,  or  heat  epn- 
tent  i  j 

■  (2.12) 

According  to  the  equation,  the  composition  of  an  ideal  gas  is 

.;po=/?r.  '  (2.13) 

consequently, 

/=(c.+/!/?)r=c,r.  (2.1U) 

A 

since,  according  to  Kayer' s  equation, 

<V=c.+4/?.  (2.1^) 

Substituting  (2.15)  in  (2.11)  we  obtain  the  basic  equation  of  adiabatic  flow: 

(2.16) 


-'i  +  A=-?l  +  A 

it  *  it  ^  A 


or 


Aw^ 


Ai^ 


(2.17) 


During  adiabatic  flow  the  sum  of  the  kinetic  energy  and  the  enthalpy  of  the  gas 
is  a  constant  value. 


y-TS-9740/7 


29 


Section  3«  The  Flow  of  an  Incoit.pressible  Fluid.  Bernoulli’s  £quauion 


The  variation  in  density  of  liquids  during  changes  of  flow  speeds  is  practical¬ 
ly  ianeasurable •  If  changes  in  gas  speeds  are  small  in  conparison  with  the  speed  of. 

sound  then  the  gas  density  remains  practically  constant:  Y  »  const.  If 

0 

the  gas  density  is  a  constant,  if  friction  losses  are  negligibly  small,  and  if  ene  ‘gy 
exchange  with  the  surroimding  medium  is  absent,  then  the  internal  energy  and  tempera¬ 
ture  of  the  flow  will  remain  constant: 


r,= const  and const.;  (2.18) 

In  this  case  the  terms  c^Ti  and  CvT2  in  the  equation  (2.11),  expressing  the 
law  of  conservation  of  energy  for  the  floiving  gas,  cancel  each  other  out. 

Then, 


2^ 


■\-PiV- 


ig 


(2.19) 


After  multiplying  both  pjrts  of  the  equation  (2.19)  by  the  density  of  the 
flow  'Y  t  bhen  noting  that  v  *  1,  we  obtain  the  so-called  Bernoulli  equation, 
i*iich  relates  the  speed  and  pressure  of  an  incompressible  fluid  with  each  other: 


(2.20) 


The  equation  has  the  dimension  of  pressure 

TYw^I  r  kg  m^  sec^  1  fk? 

“  [m3  ;ec2  Vi 

which  is  called  the  ii>^)act  pressure;  p  is  called  the  static  pressure. 

The  sum  of  the  static  pressure  p  and  the  iJipact  pressure  15?  ’  is  called  the 

total  pressure.  If  the  floT  is  total!}.y  decelerated,  (when  \i2  •  0)  tbe  static  pressure 

'  _  1  ^ 

becomes  equal  to  total  pressure:  •  Pt—Pi  +  -^> 

Pressure  is  expressed  in  kg/m^,  speed  in  m/sec,  density  in  kg/m^,  and  gin 


m/sec 


Static  pressure  is  measured  by  means  of  a  manometer  stationary  in  relation  to  the 
flow  or  by  meais  of  a  manometer  vfhose  intake  opening  is  parallel  to  the  current  (Fig. 
’3a).  The  total  pressure  of  a  flow  is  measured  by  a  tube  fixed  to  the  side  of  the 
iuct,  with  an  opening  directed  against  the  stream  so  that  its  face  is  perpendicular 
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Fig.  23.  Measuring  the  pressure  of  a 
stream. 

a  —  static  tube;  b  —  Pitot  tube. 


Fig.  2k •  A  Venturi  tube. 


to  the  direction  of  the  current  (Fig.  23b).  The  impact  pressure  and  the  speed  of  the 
fluid's  current  w  maybe  calculated  from  the  manometer  measurements  of  static  and  total 
pressure. 

A  manometer  tube  -serving  to  measure  total  pressure  is  ca^-led  a  Pitot  tube  (Fig. 

23b). 

The  equation  of  continuity  (2.1^)  for  an  incompressible  fluid  is: 

•*  (2.21) 

•  * 
or 

^  Si*  ' 

The  stream  speed  of  an  incompressible  fluid  is  inversely  proportional  to  the 
cross-section  of  the  tube:  the  smaller  the  tube’s  cross-section,  the  greater  the 
stream  speed  of  the  incompressible  fluid.  Thus,  according  to  Bernoulli's  equation, 
the  less  the  static  pressxire: 

(2.22) 


Pi— Pi' 


2g  2g  2g 


Measuring  the  static  pressvire  p^^  and  P2  and  knowing  the  ratio  of  the  cross 
Si 

sections  |^,  it  is  possible  to  determine  by  means  of  formula  (2.22)  the  flow  velocity 
Vi  and  the  fluid  mass  flow  G= 7x0,5,. 

A  variable  section  tube  which  serves  for  the  con5>utation  of  the  local  value  of 
velocity  or  fluid  flow  is  called  a  Venturi  tube  (Fig.  21:). 

Bernoulli's  equation  is  used,  for  example,  in  the  design  of  fuel  injectors, 
for  the  computation  of  fluid  flow,  and  in  the  design  of  fuel  supply  lines. 

A  flow  of  real  liquids  and  gases  is  accompanied  by  various  losses;  therefore, 
'•ring  velocity  or  flow  calculations  involving  either  Pitot  or  Venturi  tubes,  the 
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'-orrection  coefficient  ^ ,  determined  by  test,  enters  Bernoulli's  equation; 


•=tp/2r*^.  (2-23) 

Density  is  e3q>ressed  in  kg/m^  end  pressure  in  kg/m^«  The  value  of  ^  ,  which 
>akes  into  account  the  flow  and  shock  losses,  is  called  the  tube  coefficient* 

Kxaaple.  Let  us  determine  the  discharge  of  a  stream  of  gasoline  from  an  ideal 
njector,  if  the  excess  pressure  in  the  fuel  supply  line  is  2$  kg/cn?  and  the  density 
3f  the  gasoline  is  Y'  •  0*7U  kg/l  ■  7l|0  kg/m^.  Its  velocity  before  discharge  is 
onsidered  as  zero;  W2  ■  0 

Then,  using  the  equation  (2.20),  we  may  note: 

ection  The  Law  of  the  Conservation  of  Impulse*  Euler's  Equation 

The  product  of  a  mass  of  gas  m  and  its  velocity  w,  equal  to  mw,  is  called 
omentum* 

If  there  are  no  forces  acting  upon  a  stream  of  gas,  then  according  to  the 
lird  law  of  mechanics,  the  momentum  of  the  gas  will  remain  constant* 

During  flow  through  a  tube  having  a  variable  cross-section,  or  during  air  flow 
round  various  bodies,  the  velocity  and  pressure  of  a  gas  stream  \  its* 

According  to  a  well-known  theorem  of  mechanics,  the  fluctuation  of  moment\im, 
'mw),  is  equal  to  the  iiqpulse  of  the  effective  force* 

.  d{mw)=fdt,  (2.2U) 


lere  f  is  the  effective  force, 

dt  is  the  elementary  small  time  interval  of  the  effective  force* 

We  shall  divide  the  gas  stream  into  a  segment  having  the  width  dx  (Fig*  25). 
le  gas  pressure  on  one  side  of  the  isolated  layer  is  designated  by  p,  and  on  the 
her  side  by  p'  i  ’  • 

’  (2.25) 

The  mass  of  the  isolated  segment  is 

.  dm==^Sdx=pSd.\\  (2.26) 

i 
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vhere  g"  is  the  gas  density  in  technical  units  of  mass. 

The  force  f,  which  acts  on  the  segment  whose  mass  is  dm,  is  created  by  an  in¬ 
crease  of  pressure  dp: 

I 

l=Sdp,  (2.27) 

For  the  time  dt,  the  speed  of  the  maiss  unaer>‘cdh§iee?5lkoniBill  change 
/by  ^antity  dir»  . 


The  fluctuation  of  momentuin  is  equal  to  the  impulse  of  the  force: 


qS  dx  dw= — S  dp  df. 


(2.28) 


iiie  differentials  dw  and  dp  have  different  signs,  since  an  increase  of  velo¬ 


city  normal  to  the  sides  of  the  segment  decreases  the  pressure.  Consequently, 

(2.29) 

^  dt  dx* 


Fig.  2^.  Developing  the  equation  of  the  conservation  of  impulse. 


The  product  of  density  and  the  acceleration  of  a  gas  ^  is  equal  to  the  nega- 

dt 


tive  pressure  gradient 

dx 

The  equation  (2.29)  e3q}ressed  as  a  law  of  the  conservation  of  momentiun  for  the 
stream  of  a  gas  is  called  Euler’s  equation  for  ^  one-dimensional  flow. 

Dnring  the  acceleration  of  a  flcv  of  gas  along  a  cylindrical  pipe  having  the 
cross-section  S,  the  law  of  the  conservation  of  impulse  may  be  written  as 


Widm—mtdm=S(px-pt)dt, 


(2.30) 


where  Wj^  and  p^^  are  the  velocity  and  pressure  of  the  flow  at  the  beginning  of  the 
pipe;  W2  and  P2  are  the  velocity  and  pressure  at  the  end  of  the  pipe;  dm  is  the 
mass  of  the  gas  which  flows  through  a  cross-section  of  the  pipe  for  time  dt. 
Noting  that  ^  ^  kg/sec,  we  obtain 

•  y(«,0-nf,0)=^(p,-p,).:  (2.31) 
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We  substitute  (2.1i)  In  (2«3)and  reduce  it  by  S: 

■  (2.32) 

■  '  t  €  . 

The  ratio  (2  *32)  oec\urs«  for  exajj?)le,  during  the  flow  of  heated  gases  in  a 
ejlindrieal  conbustion  chamber  of  a  jet  engine  or  during  a  sudden  Yariation  of 
pressure  in  a  normal  shock  wave* 

The  laws  of  flow  continuity  (2.l()>  conservation  of  energy  (2.16),  and  conserva¬ 
tion  of  Ispulse  (2.29  or  2.32)  are  used  to  resolve  problems  which  crop  up  in  jet- 
engine  research. 

We  notice  that,  according  to  Bernoulli's  equation,  the  variation  of  pressure 

is  proportional  to  ,  and,  according  to  the  impulse  equation,  proportional  to 

* 

g  •  This  apparent  disparity  may  be  clarified:  the  impulse  equation  in  the  form 
of  (2*32)  is  only  suitable  for  a  cylindrical  tube,  idien  according  to  Bernoulli's 
equation  for  an  incompressible  fluid,  the  flow  velocity  is  constant  and  the  pres¬ 
sure  variation  Ap  «  0.  To  omit  consideration  of  S  during  a  flow  through  a  tube 
having  a  variable  cross-section  is  not  permitted,  and  the  iiq>ulse  equation  in  the 
form  (2.32)  is  not  correct.  In  the  case  of  an  incor^ressible  liquid  (  ■  const) 

flowing  along  a  pipe  idilch  has  a  variable  cross-section  between  and  S2> 

Bernoulli's  equation  will  be  obtained  during  the  integration  of  the  impulse  equation 
in  the  form  (2.29)  • 

Bcamplei  The  speed  of  a  gas  heated  in  a  cylindrical  combustion  chamber  in¬ 


creases  from  80  to  320  m/sec.  Find  the  orop  in  pressure  if  the  starting  density  of 

the  gas  Yi"  2  kg/«^. 

To  find  the  variation  of  the  gas  density  according  to  the  law  of  continuity 

V,  St  Vi 

According  to  the  law  of  the  conservation  of  impulse 


TiW|W^  Tl«>i 


^  • 

.Ti*i  /■>»  \  J  W»/32o  \  .  «  _  . 

t 


'  F-TS-9740/7 


Section  $•  An  Accelerated  Flow 

An  accelerated  flow  occiirs  during  the  motion  of  a  gas  from  an  area  of  higher 
pressure  to  an  area  of  lower  pressure,  for  exaji5>le,  during  discharge  from  containers, 
boilers,  combustion  chambers,  etc.  (Fig.  26). 

The  flow  parameters  in  section  arc  marked  by  w^,  p^,  Tj^,  and  Y^i.  The  gas 
parameters  in  section  $2  are  marked  by  W2,  P2>  T2,  and  Y‘2*  Pressure  is  p^>P2» 

We  find  the  increase  of  the  kinetic  energy  of  a  gas  by  the  law  of  conservation 
of  energy  for  a  gas  stream: 


Atif^  A'J[ 


•h 


.  2g  2^ 

The  decrease  in  the  enthalpy  of  a  flowing  gas  is  called  the  heat  drop  h. 


If  the  heat  capacity  of  a  gas  is  constant  through  the  entire  possible  range  of 

Avfi 


temperature  variation:  Cp  “  const,  then 


2s  • 


(2.33) 


If  the  flow  is  not  'C^pmpanJled;  by  tho.lli2U:lae^id4' enfijrgy 

To 

in  the  presence  of  friction  or  shock,  then  the  lowering  of  the  temperature  — £  may 

Tl 

be  e3q)ressed  by  the  lowering  of  the  temperature,  taking  advantage  of  Poisson’s 


(2.3li) 


ratio  for  the  reversible  adiabatic  expansion  of  gases: 

Pi  I  »•*/  \  tJ  ’ 

idiere  v  is  the  specific  volume  of  the  gas:  ,v 

k  is  Poisson’s  index,  equal  to  the  ratio  of  specific  heat  during  constant 


pressure  Cp  to  the  specific  heat  during  constant  volume  c^: 

According  to  the  equation  of  a  gaseous  state: 

’  .£i£L=Jj- 

Ti 


(2.35) 


(2.36) 


Raising  (2.3U)  to  the  degree  of  —  and  multiplying  by  (2.36),  we  obtain 

lv 


*-i 


(2.37) 


n  (ft )  • 

This  last  ratio  is  correct  only  for  the  reversible  change  of  a  gas.  Substi¬ 
tuting  (2.3?)  in  (2.33),  we  obtain 
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fig*  26  An  accelerated  flow* 


Heat  content  change,  i.e.,  the  enthalpy  variation  of  1  kg  of  gas,  depends  on 


the  temperature  Ti  and  on  the  relative  variation  of  pressure  not  on  the  abso- 

Pg 

lute  value  of  the  pressure* 

Ve  find  the  speed  of  the  gas  in  the  $2  section  from  the  law  of  the  conserve* 
tion  of  energy  for  a  gaseous  flow  (2*33)* 


(2.39) 


The  decrease  in  the  enthidpy  of  the  gas,  the  initial  rate  of  which  is  equal  to 
sero  (wj^  ■  0),  is  designated  by  h^.  The  ten^jerature  and  pressure  of  a  retarded  flow 
of  gas  (the  speed  of  iMch  is  equal  to  zero)  arc  called  the  stagnation  tempera  We 
and  pressure  hi  and  Pqj^ 

The  velocity  of  the  gas  in  section  $2  way  be  expressed  by  the  original  param¬ 
eter'  of  the  gas  by  substituting  (2.38)  in  (2,39) 


(2*4) 


The  terminal  velocity  of  the  gas  may  be  expressed  by  the  stagnation  parameters; 


) 


(2.4) 


Using  equations  (2.1$)  and  (2.35) >  we  express  specific  heat  by  the  gas  constant 
and  Poisson's  index  k: 

(2,4) 

Substituting  (2.4)  in  (2.4),  we  obtain 
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(2.hh) 


bo 

>v 


b: 


it 


The  last  formula  is  often  used  in  conqsutations  of  the  discharge  speeds  of 
gases  from  jet  engines. 

Kith  an  infinitely  large  initial  pressure  or  vith  an  infinitely 

small  terminal  pressure  (P2*^  0)»  the  speed  of  the  discharge  reaches  the  maximum 

possible  value  w _ : 

max 


Moreover,  the  temperature  and  enthalpy  of  the  gases  falls  to  zero: 

A 

The  energy  of  the  chaotic  movement  of  the  molecules  changes  entirely  to  the 
energy  of  the  organized  motion  of  a  gas  flow.  A  maximum  discharge  speed  is  unat¬ 
tainable  in  practice,  because  the  pressure  and  temperature  of  the  gases  are 
quantifies. 

The  relationship  of  the  increase  in  kinetic  energy  bf^s  .tot  the  effth.51py. 


of  deceleration  is  called  the  efficiency  of  the  discharge  process  7^ : 

2gloi  iot  hi 


(2.1:6) 


During  a  reversible  discharge 


ft 


With  an  increase  in  the  relative  pressure  drop  during  discharge. 


Pi 


01 


P2 


(2.W) 

.,  the 


thermal  efficiency  of  the  discharge  process  increases  (Fig.  27).  With  an  increase  in 

the  relative  drop  f^of  one  or  more  units,  the  thermal  efficiency  rapidly  increases, 

P2 

but  after  exceeding  ^01  bv  several  tens  of  units,  the  rate  of  growth 'll*  is  retarded, 

P2 

because  It-t  asymptotically  approaches  one.  Therefore,  itiid*  iii|>rabtichble  tcPjbf^' 
crease  the- relative  pressure  drop  in  order  to  achieve  greater  discliargo 'Speeds', ‘up 
ubo  lOOibr 

Poi 

With  the  increase  in  the  relative  pressure  drop  the  density  of  the  dis- 

P2 
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chargiing  gases  TT  2  <iecreas68: 


V-  An 

/ 

'/to:  / 

The  gas  discharge  through  section  Sg  is  determined  by  the  continuity  equation 


(2.ii)  vith  consideration  of  (2.1tii)  and  (2.1t8). 


1  r  f  *  i±rr 


(2.1i9) 


The  gas  constant  R  is  expressed  in^|^j^-j  Wg  in  n/sec,  in  degrees  Kelvin, 
in  kg/n^,  and  $2  in  Discharge  is  measured  in  kg/sec« 
khen  the  pressure  before  the  discharge  Pq^^  increases,  the  gas  density 
5i!^^l^^^>^fdischapge  G  gms*  With  an  increase  in  temperature  Tqi,  the 
density  Y  2  decreases  and  the  velocity  W2  increases  proportionally  to  • 

Therefore  the  discharge  varies  *la''»lnve%tf~iu*((^i>rtion  to'^’^0?.  • 

**•» 

Example.  The  pressure  and  temperature  of  the  air  before  the  discharge: 
pQi  •  16  kg/cm^;  Tq^  “  600°  Kj  •  Oj  g  »  9.8  m/sec^j  k  ■  l.Uj  R  ■  29.3  kg  mAg  deg. 
Find  the  velocity,  density,  temperature,  ar*d  discharge  of  the  gas  for  tvo  cases: 

When  the  pressure  at  the  outlet  P2  ■  10  kg/cm^  and  vdien  P2  “  2  kg/cm^. 


.  Poi  ^ 

a)  The  relative  drop 

The  discharge  velocity  is  in  accordance  with  (2.14!:) 


Density 


! — 

|/  19.61.4-29.3-600 

-(rif; 

y  (1.4- 1) 

^44.7  /60Q0.306.604  10/S6&^ 


_9  ^  1 

160000  /  I  9.1 

•  ^  ^yiUJ  "29.3  600  (i.e)  1.488  * 

The  discharge  through  a  unit  of  a  section 

-^=»j72=604.6.  11:^00  Jcg/sac-n^, 

b)  If  the  presi^iire  verc  to  be  reduced  to  P2  2,  then  the  discharge  velocity 
would  increase  '• ' 


600  '-(-^r 


=44.7  / 600-0,449  =733  n/sec. 


of  the  exhausted  air  would  th^  decrease: 


8M 

\  ,  • 

disbharge  per  exhaust  cross-section/  'tihitSfat»I(J‘*:Sbt  ‘tnerdsde^ut-  ds-'  ■  ; 

JeY^as'eV 

•^-733-2,06=1510  kg/sec*n?. 

It  is  clear  that  with  a  decrease  in  back  pressure,  the  discharge  of  gas  cannot, 
in  fact,  decrease.  The  solution  of  this  contradiction  is  set  forth  in  paragraph  "e." 

Section  6.  Critical  Flow.  Reduced  Velocity 

Let  us  consider  a  flow  of  gas  from  a  reservoir,  idiere—when  w^  *  07-the  stagna¬ 
tion  pressure  is  equal  to  into'  <a  container  where  the  static  pressure  4s  hqua|  to  P2 

(Fig.  28).  Let  us  assume  the  parameters  of  the  gas  before  the  discharge  Pqj^,  Tq^, 
remain  constant  and  the  back  pressure  P2  decreases.  (This  may  take  place 
thO  t/es  &s  evacuated  from  the  recol'^ng'-^coirtaine^): ' 

If  pg  •  Pqi^  the  discharge  of  the  gas  G  •  0. 

With  a  decrease  in  pressure  p  ,  t-’.e  discharge  first  increases  in  accordance  with 
equation  (2,h9)»  This  discharge  increase  during  large  pressure  drops  depends  on  the 
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increase  of  the  disciiarge  velocity  ^2  The  change  in  density  of  the  gases 

during  rdnor  pressure  drops  is  insignificant. 

If  the  pressure  of  a  discharging  flow  vere  to  decrease  lower  than  a  certain 
limit,  the  decrease  in  the  density  would  seem  to  be  greater  than  the  increase  in 
velocity  and  the  discharge  of  the  gases  G  =  2^2  begin  to  decrease.  In 

fact,  >d.th  a  decrease  in  back  pressure,  the  discharge  of  the  gases  cannot  diminish j 
a  certain  mayirium  pressure  is  established  in  a  discharging  flov:. 


Fig.  28.  Solving  the  formula  of  a  critical  discharge. 
Legend'  a)  to  the  pump. 


The  pressure  in  a  flow. in  vdiich  the  discharge  of  the  gases  turns  out  to  be  the 
greatest  is  called  the  critical  pressure  p^,j.. 

Ke  identify  the  relative  pressure  of  the  discharging  gases  by  x: 


P2 

Pot 


We  find  the  relative  pressure  drop  x^^,  at  which  the  discharge  of  the  gases  will 
be  maximum,  by  equating  to  zero  the  first  derivative  from  the  radicand  of  the  expres¬ 
sion  in  the  discharge  formula  by  x. 


Differentiating,  we  obtain 

I'^.p  — *  -0. 


From  this 


(2.50)  ^ 
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The  prei^iiure  of  the  in  the'  dischaihjing  cannot  be  lowered  r.ore  th  -. 


2  /  times. 

The  lov:er  the  Poisson's  index  k,  the  lower  the  critical  pressure  drop  (see 
Table  2.1).  Thus,  when  k  •=  1.1^ 

/P. 

Pkp  \  2  / 


when  k  =  1.2 


1.2 


p*\- 

Criticrl  te' p'"' ""’"c  d^^cp: 


i— I 


=i±i 

\  /^Kp  /  2  ' 


(2.51) 


Critical  density  drop: 


jfoj-  =  I 

1* 

T.p 

l/>Kp  J 

^  1  2  / 

(2.52) 


If  the  back  pressure  is  less  than  the  critical  pressure:  P2  <Pcr’ 
pressure  in  the  flow  will  be  eoual  to  the  critical  value  of  p^^. 

The  discharge  of  the  gases  vail  have  a  maximum  value.  Substituting  (2.50) 
in  (2.1:9)  ve  obtain 


a 


»p 


pA,}f 


(  ^  P- 

*+i 

_/  2  U_f 

LU+iy 

U+1/  J 

but 


Consequently, 


;  n  1  /  /  2  \i~i  Poi  S^p  ^  ^1  S^p 

.‘'•'-vTlrni  vw^^TiiT- ■ 


(2.53) 


The  coefficient  B  depends  on  the  index  k  (see  Table  2.1  in  which  it  is  calcu¬ 
lated  for  R  *=  29.5  kg  m,/kg  deg  C). 


The  velocity  in  the  critical  section  0  is  in  accordance  with  (2.1:1:)  and 


(2.51): 


'‘■w  =i/i€*«7«/, _ 2_\ 
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since  2 

T-Ti 

The  equation  V ^  represents  the  speed  of  sound  at  ter.perature  T^j.. 

The  critical  velocity  o fjt^i °  di schr^rf^e  is  cou?l  to  the  so'^cd  of  the  local  sp!''<^‘d 
of  sound. 

During  the  decrc-'sc  of  back  pressure  P2  the  velocity  of  the  discharge  increases 
until  it  is  not  Cvqc~J  to  the  lcc:l  speed  of  sou:/,U 

The  changes  of  pressui^e  vldcn  in  a  gas  at  the  speed  of  sound.  If  the  velocity 
cf  the  discharge  reaches  a  sonic  value,  then  the  subsequent  variations  of  back  pres¬ 
sure,  whose  impulses  travel  upstream  against  the  flow  with  the  speed  of  sound,  do 
not  reach  the  internal  area  of  the  reservoir,  and  the  discharge  of  the  gas  ceases  to 
depend  on  the  subsequent  presstire  ^ops.  If  the  pressure  before  the  discharge  is 
larger  than  critical:  ,  then  the  pressure  in  the  flow  proves  to 

be  greater  than  the  back  pressure  P2J  P|5i.>P2»  At  the  nozzle  outlet  the  stream  of 
gases  suddenly  expands.  The  expansion  of  the  flow  during  a  supercritical  discharge 
is  clearly  seen,  for  example,  as  in  the  form  of  a  smoke  cloud  formed  during  firing 
guns. 

These  supercritical  phenomena  are  observed  during  the  discharge  of  exhaust  gases 

from  the  cylinders  of  a  piston  engine,  during  firing  guns,  during  the  discharge  of 

gases  from  containers,  and  during  the  operation  of  jet  engines,  if  the  pressure  ex- 

\ 

ceeds  that  of  the  atmosphere  more  than  1.8:?  times. 

If  after  the  critic  il  section  S  the  pipe  widens,  then  the  gas  pressure  will 
continue  to  fall,  the  density  will  decrease,  and  the  velocity  will  increase  and  be¬ 
come  greater  than  the  local  speed  of  sound  (see  Chapter  v).  The  acceleration  of  a 

subsonic  flow  occurs  in  tapering  pipes;  thai  of  a  supersonic  fla.7  in  rddening  pipes, 
mu  .  I 

The  greater  the  ratio  of  the  section  under  consideration  to  the  one  that  is  critical. 
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the  greater  the  decrease  in  pressui’o  - —  and  the  greater  the  relative  iiicroaec  in  the 

Per 

velocity  of  the  flo.:. 

The  ratio  of  the  flo.v  velocit;/-  yi  to  the  critical  velocity  a  is  called  the  rela¬ 


tive  velocity  X: 


- -  - -  - - -  .  .  -  r'r^\ 

utilizing  (2.i{li)  and  (2.55)  can  express  the  relative  velocity  by  the  ratio 
of  static  pressure  p  to  the  stagnation  pressure  p^: 


Duiiigtl!  c’-Ci.  /  _  t_: 

‘  •  V. 

^los^iblo.’v  Ir.a 


(2.56; 

:  ] 


Yk-i 


V  *-r  (2.57) 

The  maximum  possible  value  of  the  relative  velocity  depends  only  on  Pcisson's 
index  (k).  VJhen  k  =  1.1;,  X  ^  2,hS*  With  a  decrease  in  k,  the  maximum  relative 
velocity  increases.  Listed  in  Table  2.1  are  the  functions  of  Poisson's  index  (k) 
vhich  are  encountered  during  gas  d;j'-namic  computations. 


TABLE  2.1 


FUNCTIONS  OF  POISSON'S  INDEX  k 


/ 

k 

1,40 

1,35 

1,30 

1,25 

1,20 

1 

I.i5 

*+l 

2 

1,200 

1,175 

1,150 

'.125 

1,100 

1,075 

k 

m*-' 

1,89 

1,863 

1,83 

1,80 

1.77 

1,72.5 

[W 

1,575 

1,585 

I 

1  1.592 

1,600 

1,610 

1,615 

k 

k~\ 

3,50 

3,86 

j 

4.33 

5,00 

6,00 

7,67 

A  +  1 

6,00 

6,72 

1 

7,67 

9,00 

11,00 

14,35 

l/_i±L 

'  k-\ 

2,4: 

2,59 

1 

2,767 

3,00 

3,31 

3,79 

f  Ml 

1 

v  "t’r 

2,14 

2.11 

2,08 

2.06 

2,03 

2,00 

R  (/?-29.5) 

0,394 

0,389 

0,383 

0,379 

0,374 

0,368 

\  R  k\\ 

0,623 

0,617 

0,613 

0.609 

0,603 

j 

0,598 
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Exair.ple :  The  pressure  in  a  jet-crn;ine  cor.bustiori  chaJfiber  is  p^  -  5  absolute 


atmospheres  (ata),  the  temperature  is  2,200®  K.  Find  the  critical  pressure, 
te»i5)erature,  velocity,  and  discharge  through  a  unit  of  a  section,  if  k  =  1.25  and 
the  gas  constant  is 

.  ^=30kgnv^g  dog. 


k 

4*-J 


The  critical  pressure 

The  critical  temperature 


2  2200 


The  critical  vclcclty 


a I  =  r  9.8 1 . 1 , 26 •  30 . 1 yto  =81C  li/scc  . 


The  critical  density 


I 

*  -1 


Po 


5-10* 


=0.473  kfo'mi 


RTq  1,6-30  2200 

The  discharge  per  unit  of  a  critical  section 

O  ^  PC  0,376-5. 10<  ,  2 

The  discharge  may  also  be  determined  by  the  continuity  equation 

~  «  846-0.473  =  400  kg/sec.nl^ 

Okp 


Section  1,  Adiabatic  Flow  vith  Deceleration.  Mach  Numbers.  Gas  Dy.iamic  Functions 
The  velocity  of  the  air  entering  the  diffuser  of  an  air-breathing  reaction  en¬ 
gine  is  diminished.  V/e  shall  investigate  how  to  confute  the  change  in  the  parameters 
of  an  air  flow  during  a  decelerated  adiabatic  flow  (Fig.  29). 

The  parameters  of  the  flow  in  section  are  identified  by  p^^,  T^^,  TT 3^,  and  w^; 
the  parameters  in  section  S2  are  identified  by  p2,  T2>  y’2>  '^2* 

Decrease  of  velocity  occurs  under  the  action  of  a  force  opposing  the  motion. 
Therefore  the  gas  will  move  s3.owly  only  in  the  event  that  the  pressure  in  the  stream 
increases :  p^  >  Pj • 

According  to  the  law  of  the  conservation  of  energy,  the  decrease  in  velocity 
is  accompanied  by  an  increase  in  enthalpy  and  in  the  tf^mperature  of  the  gas: 
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hk 


/  _  I  _ /•  7*  ^  'r  AU'~> 

"2  =  - i 

2ff 


(2.58) 


Assuming  that  the  specific  heat  of  the  gas  Cp  is  constant  in  the  entire  range 


of  temperature 


^gfpT 


(2.59) 


When  the  gas  is  completely  decelerated!  W2  ®  Of  its  temperature  increases  to 


the  stagnation  temperature: 


/t-1  tt’I 
2  gkRTi 


When  k  =  l.ii  and  R  «  29 0 3  kg  m/kg  deg 


*  — 1 


A  r _ r  r  —  *— »  •  ^  _L 

i  —  0*  >“  2  gkR  2000* 


(2.60) 


(2.61) 


Equations  (2.59-2.61)  correctly  express  the  increase  in  flow  temperature  only 
in  the  event  that  its  initial  velocity  is  not  too  high.  ^Yhen  1,5000  td/scc, 
the  stagnation  tenperaburc  becomes  so  great  that  to  disregard  the  variations  of 
specific  heat  appears  to  be  impossible,  and  the  equations  obtained  vlth  the  assump¬ 
tion  that  Cp2^  "  Cp2  become  'ncorrect  (see  Chapter  VI,  Section  6). 

The  product  gkRT^I^,  which  enters  formula  (2.59),  represents  the  square  of  the 
speed  of  sound  at  temperature 

\c  =  Vg^T,.  (2.62) 

.  f 

The  ratio  of  the  velocity  of  the  stream  rr  to  the  local  speed  of  second  c,  is 
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(2.63) 


called  the  Kach  number  and  is  dr  '.ot''d  by  the  ey;.bol  M; 

M  _ — 

Vgbm  * 

The  increase  in  temperature  during  deceleration,  as  indicated  in  the  equation 


(2*60),  is  proportional  to  the  square  of  the  Ilach  namber: 

To  *  .  *  — 1 


1 


(2.61i) 


T  '  2 

« 

If  there  is  an  adiabatic  reversible  flov;  process,  e.g.,  is  not  accompanied  by 
a  c;ssipati''  i  of  energy,  the  increase  in  pressure  during  deceleration  may  be  found 
according  to  the  incrcc's  in  temperature,  using  Poisson’s  equation  (2.37): 

The  last  ec^uation  expresses  the  increase  in  pressure  during  the  reversible 
process  of  a  compressible  fluid.  Expanding  the  equation  (2.6^)  in  series  and  limit¬ 
ing  the  first  two  lerms  of  the  expansion,  it  is  possible  to  bring  it  to  Bernoulli's 
equation  (2.20),  vihich  is  correct  for  the  deceleration  of  an  incompressible  fluid: 


f  ~ 

1 1  +  =  1  +  i  M’=  1  +  - 

2  /  2  2 


2g/iT  2gp 


the  initial  flow  v^ocity  is  givch^  the  increase  in  prel^-yUV  ’• ••‘-'""•i. 
during  deceleration  of  a  compressible  fluid  has  a  greater  value  than  that  of  an  in¬ 
compressible  fluid  (Table  2.2). 

TABLE  2.2 

\  DECELERATION  PARAMETERS  FOR  REVERSIBLE  FL0V7  k  *  1.1^ 


M 

0.5 

I.O 

2.0 

3.0 

4.0 

5.0 

Ia 

T 

1,05 

1.2 

1.8 

2.8 

4.2 

6.0 

£P^ 

l.IP 

1,89 

7,8 

37 

150 

528 

p 

1,175 

1,70 

3.8 

7.3 

12,2 

18,5 

,  Pmt^m  I 

Jo 

1,13 

1,575 

4.31 

13,2 

36 

88 

,  T 

During  M>1  deceleration  of  the  flow  occurs  in  a  tapering  pipe,  because  the 

r_ 

relative  density  increase  -2-  is  more  significant  than  the  relative  decrease  in 

•  Ti 

velocity  * 
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he 


(2.66) 


“*2  T2  ^ 


In  the  narrovest  section,  the  velocity  of  the  flov:  is  equal  to  the  critical 
value,  o.g.,  the  local  speed  of  sound  (Fig.  30). 

(2.67) 


®.p=o=j/ 


The  critical  velocity  resulting  from  the  last  equation  grows  with  an  increase 
in  the  initial  F?.ch  munber. 

If  the  p>'cssure  at  a  critical  roai-ia:!  (tb^oat)  centirvas  to  incrcr^'c:  ’ 

then  the  flo;:  will  be  i.c  co:op„ilcd  by  a  sub^v^Ciauht  c'-c^lv.i-aoio.i  c.nc.'.  inc_  in  s  L:  Lie 
pressure.  If  the  pressure  P2  is  less  than  that  in  the  critical  section:  P2*^Pcp^ 
then  the  flow  >dll  be  accompanied  by  an  increase  in  velocity  and  the  temperature  and 
static  pressure  will  fall. 


ur, 


Fig.  30.  tlra  cbncbpt  of  ^o'versib.iltty  offlo.;r!-  * 


During  adiabatic  flov:  the  stagnation  tenperature  along  the  entire  pipe  is 
constant: 

’  Mtp?  AuZ 

e,r,=i,  +  -j^^t,  +  -^=comU 

’V  -  ?•.  (1 + ^  m!) = r,  [  I  +  Ml) . 

During  a  reversible  flow  process,  the  stagnation  pressure  along  the  entire 
pipe  is  also  constant;  - -  ^  , 

If  the  static  pressures  in  the  sections  and  $2  are  equal:  p^^^  *  p2,  then 

during  a  reversible  flow  process,  the  velocities  in  the  sections  and  S2  are  equal: 

n  "  ^2* 

In  the  presence  of  friction  and  shocks,  the  velocity  after  the  d  ffusion  of  the 
flow  up  to  the  initial  static  pressure  P2  =  p^  vdll  be  less  than  t^  ^  initial  velocity 
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la 


W2<vrij  the  kinetic  energy  ?f  the  gas  >dli  dissipate.  The  ratiu  of  the  decrease  of 
the  kinetic  energy  to  its  original  value  serves  as  a  measxire  of  the  irreverGibi.l,iiy  of 


process.  During  irreversible  flow  the  entropy  of  the  gas  increases. 

The  gri...i;.'  the  static  teir.perature  in  a  given  section  of  pipe  Tj^  and  the  local 
speed  of  soui.d  Ci=  ,  the  less  the  local  value  of  the  velocity  v?. ,  if  the  ini- 

tial  velocity  is  constant:  =  const.  Therefore,  in  order  to  find  the  local  value 

of  the  Mach  nunber,  H.one  must  first  find  the  local  temperature  T.  .  The  stagnation 
tc’^prrature  is  con'ruant  for  the  entire  flou:  T  =  const:  conseouontly  tlic  critic'’! 
velocity  is  also  conslciit  for  all  sections,  Ihercfoi'e,  in  so.  e  c„ccs  it  is  j. oi\,  con  - 
venient  to  use  the  relative  velocity  X  "than  the  Mach  number  M. 

The  relative  velocity  and  the  Mach  number  are  rucirna!  y.  r  :.h  c :  ’  4  >t(i i, ach  other. 
Utilizing  (2.62  and  2.6?)  we  obtain 

Ml/gW _ 


_ Me _ 


From  this 


+  1 


M8 


it -1-1 
it— 1 


i^)‘ 


(2.68) 


or 


M^X 


V 


(2.69) 


When  M  -  1,  X  *  WhenjM-^oq 


The  dependence  of  the  relative  velocity  on  the  Mach  number  for  various 
values  of  Poisson  index  k  is  shown  in  Fig,  31  ♦ 

The  velocity  head  q  may  be  expressed  by  the  Mach  number  or  by  the  relative 
velocity  and  atmospheric  pressure  . 


Using  (2.63)  or  (2.55)  we  obtain; 


*  m2  * 

»=  2- ITT 


1  — 


M 

»-T 

4-1-1 


•Ar 


(2.70) 
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Fig.  31.  The  Dependence  of  7^  on  Vi  for  varioiis  K. 


. usc'-of  the  basic  flOT*  cquati^n^  ii’  '  .  'co  L:;.  '/  . 
ii^n  parameters  in  tcri_s  of  reX  live  velocity. 


c^Tq  CpT 


From  this 


T  _i 

To  ^gCpTo  2gkR  *  +  I  ■ 

The  relative  variations  of  temperatxirc ,  pressure,  and  density  during  a  deceler¬ 
ating  reversible  flow  process  are  dependent  only  on  the  relative  velocity  of  the  ad¬ 


vancing  flow  and  the  k  index,  and  are  called  gas  dynamic  functions ^ 


.(>.)  =  I- =1 


k  ]l  ■  ’ 


(2.71) 


(2.72) 


(2.73) 


The  discharge  of  gases  through  section  S,  in  which  the  relative  velocity  is 
equal  to  \  ,  may  also  be  expressed  by  gas  dynandc  functions: 


.TC 


l.Q 


G—\Siv=  .Sa>-  =  1/  ■ 
‘  /?r  y 


7gk 


V 


2gk 


(*+J)/?7'o 


Sp^gQ). 


Spolt  (/.)  = 


(2.7I1) 


Here  1  . 

.,W=U(X)  =  x(l-|^X>p 

When  \>2.3j  .^d  2,500*^  a  significant  dissociation  of  the  gases  occurs  j 

the  k  index  may  not  be  considered  as  constant,  and  the  formulas  of  gas  dynamic  func¬ 
tions  cense  to  be  accurate. 


Graphs  of  gas  dyir  Ic  functions  at  v 
of  the  book  (Fig.  20ii-208). 


values  of  k  ai’o  included  at  the  end 


Section  8.  The  Reaction  of  a  Flow  on  the  Side  of  a  Pipe.  Jet  Thrust  and  Additional 
Drag 


The  air-gas  flow  in  any  ramjet  engine  flov;s  through  a  tube  of  variable  cross- 

section  area  (Fig.  32).  The  .jncunt  of  flow  of  a  gas  per  second  through  the  section  S 

is  equal  to  ' 

.Gw _ 

.  e  F~*  . 


This  amount  of  movement,  or  impulse  per  second  (impulse  for  short),  is  equal  to 
the  force  with  which  the  gas  will  act  on  the  tube  from  deceleration  to  a  complete 
stop. 


If  the  flow's  static  pressure  in  section  S  is  equal  to  p,  then  the  pressui’e 
force  which  acts  parallel  to  the  flow  upon  the  section  in  question  is  equal  to  pS. 
The  total  impulse  of  the  gas  flowing  through  section  S  is  equal  to  the  sum  of 


(2.76) 


If  the  flow  did  not  exist,  then  the  force  of  the  atmospheric  pressure  p^jS  would 
act  on  the  section  in  question. 

The  difference  between  the  deceleration  force  of  the  flow  F  and  the  force  of 
the  atmospheric  pressure  Pj^S  is  called  the  excess  impulse  F  : 
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r 


(2.77) 


£ 


Fig,  32.  Graphs  for  flow  reaction  calculation. 

The  gas  inpulse  varies  if  the  flow  takes  place  in  a  pipe  of  variable  cross-scc- 
tion,  and  also  in  the  event  of  increase  of  dissipation  of  energy.  The  variation  of  the 
inpulse  is  equal  to  the  force  with  ».nich  the  sides  of  the  pipe  act  on  the  gas.  Ac¬ 
cording  to  Newton’s  third  law,  a  flow  acts  on  the  sides  of  a  pipe  with  a  force  equal 
in  value^but  opposite  in  direction, to  the  force  of  the  reaction  f?Q. 

The  reaction  of  the  flow  on  the  sides  of  a  tube  between  sections  and  S|^  is 

equal  to  the  differences  of  the  impulses: 

.  (2.78) 

The  reaction  of  the  flow,  as  B.M.  Kiselev  first  indicated,  may  be  expressed  by 

the  relative  velocities  X  q  und  X  ♦ 

The  total  impulse  of  a  flow  in  any  section  of  a  tube  is  equal  to 
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utilizing  the  cqiations  of  corposition  and  ratio  (2.71)  and  (2,$h)y  we  obtain 

(2.80) 

S  \  *  T  »  /  \  K  T  ‘  / 

Consequently, 


-£.=/?r 

^rtJi 

k- 

ii),4= 

=*+’4 

1 

*  +  i  / 

2gk  \ 

*4-1  / 

F= 

it  +  l 

il 

2A 

L 

•  /*  1 
) 

1’ 

vAience,  using  (2.55) j  we  obtain 

2.:  C  \ 


The  reaction  of  tLj  flo-;  is 


(2.81) 


(2.82) 


Using  the  ratio  (2.8l)  ve  express  the  reaction  of  the  flow  on  the  sides  of  the 
tube  by 


(2.83) 


The  last  equation  was  developed  by  BJl.  Kiselev, 

The  tenperatures  of  the  flow  and  the  masses  of  the  gas  in  sections  1  and  U, 
generally  speaking,  are  different.  Therefore,  the  stream  parameters,  a,  'A.,  G,  and 
.<  in  the  various  sections  are  not  the  same.  The  indexes  "1"  and  "U”  refer 
ta  .  all  the  parameters  of  the  gas  >^iich  depend  on  the  temperature . 

Relative  velocities  at  the  inlet  of  the  duct  and  at  the  exhaust  depend  on  the 
geometry  of  the  duct. 

In  some  cases  the  parameters  at  the  inlet  to  the  duct  are  equal  to  the  param¬ 
eters  of  an  undisturbed  flow.  Then  the  index  "I"  in  the  second  term  of  Kiselev’s 
'ormula  is  replaced  by  "H." 

The  critical  velocity,  a,  depends  on  the  stagnation  temperature. 

Substituting  a  for  its  valje,  we  obtain 

Let  us  compare  the  differences  of  the  right  and  left  portions. 


m  1  -\M  I / kgra_dc3i:-"c2]^  : 

^"'^“IsecK  kg  deg  m  J  ‘ 
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The  calculation  of  any  jet  engine  is  reduced  to  the  calculation  ol  the  dis¬ 
charges,  velocities,  pressure,  and  stagnation  tcripsrature  at  the  inlet  and  cxliaust 
sections. 

The  impulse  of  gas,  flovdng  at  the  speed  of  sound,  i.c.,  during  X  *=  1,  is 
called  the  critical  impulse  On  the  basis  of  (2.51)  it  may  be  described  as 


c  _ _ ^  J  Gd  * 

•  fcti  — •  ■  • 


(2.85) 


*  g 


The  ratio  of  tne  impulse  during  a  flow  of  supersonic  velocity  X  >  1  to  the 
crioicol  5’ pulr..  F  is  t’lC  of  '•uV'i  5’ Frr“  (?<^’') 


and  (2.65)  v.c  find 


(2.86) 


The  coefficient  of  impulse  increase  reaches  its  maxinium  possible  value  when 


XtsX. 


Knovdng  the  impulse  of  the  flow,  one  may  find  the  thrust  of  an  air-breathing 
jet  engine  which  operates  on  an  internal  stream  of  air  (see  Fig.  32, b). 

Let  us  assume  tha,t  the  boimding  surfaces  pass  in  front  of  the  engine  at  a  dis¬ 
tance  at  Y/hj.ch  its  disturbing  action  is  insignificant  (surface  H  -H),  and  in  the 
plane  of  the  exhaust  nozzle  (sxirfaco  U  -  U).  The  section  of  the  tube  through  vrhich 
the  air-flcnv  penetrates  into  the  engine  we  shall  denote  by 

The  impulse  of  the  flovdng  air  acting  in  the  section  in  conformance  vriLth 


(2.76)  is  equal  to 


(2.87) 


This  impulse  is  parallel  to  and  in  the  direction  of  the  moving  air. 

The  impulse  of  the  e>diausting  gases  in  section  is  equal  to 

=  (2.88) 

This  impulse  is  also  directed  in  the  direction  of  the  moving  air. 

The  force  of  atmospheric  pressure  acts  on  the  contour 

The  integral  of  the  atmospheric  pressure  forces  on  a  closed  surface  is  equal 


to  zero: 
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^p^(fs=^0. 

«  \ 

The  contour  und?r  our  consideration  has  gaps  in  the  inlet  and  exhaust  areas  of 
the  tubes  of  floH,  t^-  sections  of  \Jhich  are  equal  to  5^^  and  S^.  The  integral  of  the 


force  of  atmospheric  pressure  on  the  external  surface  of  the  contour  in  question  is 

(2.89) 


The  force  of  tfe  rt'‘.''rf’’.''ric  pre''''’n'c  acts  in  a  direction  from  that  side  of 
the  contour  i.Idch  hjs  t-he  l,wSer  openi-g  to  tht.b  clclo  x.Ijicli  h.,j  the  Icrg^i  opoii- 
ing  Sj^.  This  force  is  directed  from  to  S^,  that  is,  vdth  the  air  movement. 

The  grovdh  of  the  total  impulse  of  the  flot;  together  ^rith  allowance  for 
the  pressure  forces  is  equal  to  the  force  of  the  reaction  or  the  jet  thrust.  R  : 

.  R=F^^F,~  jp^dS,  (2,90) 

Using  (2.87),  (2.88),  and  (2.8?)  we  obtain 

‘Pt^H  Ph 


1 


g 


After  opening  the  parentheses  and  reducing  the  similar  terms,  the  last  formula 
becomes  simplified: 


■  t=o^-£!<!S-+s,(p,-px 

g  g 


(2.91) 


In  the  particular  case,  vfhen  the  exhausting ’gases  accelerate  until  the  back 
pressure  p|^  c  p^^,  the  jet  thrust  is  equal  to: 

g  g  (2,92) 

During  the  movement  of  air  through  a  diffusing  stream  tube,  its  nomontum  be¬ 
tween  the  sections  and  S  (iLniinishes.  Tlie  loss  of  air  impulse  produces  a  rise 
in  drag  force  X^Qp.  The  force  of  additive  drag  which  appears  during  decelaration  of 
the  air  ahead  of  the  inlet  in  an  air-breathing  jet  engine,  is  equal  to  the  difference 

between  the  surplus  inpulses  at  the  inlet  section  (Fi)i2tj  and  in  the  undisturbed 
stream  ^ 

f  ^  ^  -  (2.93) 

Utilizing  the  equations  (2,76)  and  (2.77),  one  may  change  the  surplus  inpulscs 


Sh 
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to  total  impulses: 


Xxoa — Fi — Fu — Pii{Si  Su).  {2*9u) 

Additive  drag  is  measured  experlr’cntally  {sec  Chapter  IV,  Section  2). 

The  difference  betT’cen  jot  thrust  and  additive  drag  is  called  the  effective 
thrust 


(2.9$) 


n,|j,  —  n — -^,03  —  F f  F^  -^Aon 

=/=■«  -  ~Pu  =  Po  ~P.  (S,  -S,). 

The  force  of  aerod3a‘''lc  tJirust  X  acts  on  the  cl:in  of  an  unco'.-lcd  engine. 


The  c’if.r 


1  :• 


I’  *.  c 


1’ 


r  ’  V  ;  fr-  c 


,  -V  ^  - 


drag  on  the  sltin  is  called  the  net  tliiuel.  cf  rn  :  '  • 


Hi.  . 

Ciu-S  o 


n...cT=n-^Ao„“-v. 


(2.96) 


Aerodynamic  skin  drag  is  determined  by  experjjeental  mnd-tunnel  tests. 

Example:  Let  us  find  the  reaction  on  the  ualls  of  an  engine  duct  viien  the 
speed  ®  3>600  km/hr,  if  the  cross  section  of  the  enclosed  stream  •«  1  m^,  the 
fli^t  altitude  H  «  20  km,  the  stagnation  temperature  before  the  discharge  Tq^ 
2,1:00°  Kj  during  this  temperature  k  *=  1.2^,  the  relative  velocity  at  the  exhaust  i 
equal  to  96%  of  the  relative  velocity  at  the  inlet. 

At  the  given  altitude  the  temperature  is  equal  to  T^^-  216.^°  K,  the  density 
0.088  kg/m^,  the  pressure  p^  *=  1:1  mm  mere, col.  *  IfL  •  31.6  *=  $$h  kg/m^.  The 
velocity  Wj^  *=  3^600  km/br  “  1,000  m/sec. 

The  stagnation,  temperature  of  the  advancing  flov: 

tp!*  10002 

The  critical  velocity 


I9,C  !.4.29,3  '  _ 

y  - - 7JC,5=18,3/7?6.5=4D0r/SGC. 

,  The  polhtive'"-.'  locity  at  the  in.1  ct ' 

■  a„  490 

The  discharge  of  gases  (disregarding  additional  :\;el) 


I  04=^0, =tr„|«S, =1000.0,003. I=.R8  kg/sec. 
The  relative  velocity  at  the  exhaust 


X4  =  0 . 96  X.,=0 .96 . 2.04  =  1 , 95. 
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The  reafeiioh  Oil  the  sides  6|  the  en^he  duct  we  4ete;rJnih6i^  thc  f  o]^^ 


JcFtpfessibhiJjOTes  •  ;ShdcK  Waves 


*  in  practicoj  the  deceiferatioh  of  a  s^ersoni  flow  is  hot  r  If  the 

yeldcity  of  the  pncpi^^g  soma  or  body  is  greater  thah  the 

speed  of  sound  (i%  >  C,  i),  then,  during:  the  interactiori  of  the;  fiwT;  v/ith  stre^ 
lined  body;^  tlio  yeilo.city  &os  riot  change  ^adiiaiiy-,  vrith  a  ^urp  (Fig.  33^  b);.  The 
;presp,ibrb  4§h^tyi- ^d  iten^peratwe;  also  '  ' 

This*  sodden  0  parameters  of  a  superspnic  fiOw  is  called-  a:  compres" 

siOn  TOve*  The  /size  pf  the  Shock  layer  in  which  the  change  of  the  gas  pwameters 
occurs  is:  not;  largef  it  has  the  iofigtH  Of  •%  mplecular  free  path . 

.  The  ar#  of  conpipssed  air  fblloi^  the  is  called  a  shock  wave* 

Byeh  at  trlaissonic  speeds  of  a  flow,  thp  bphslty  difference  pf  a  shock  i»ye  in  an-  un-r 
disturbed  sifbam  Is  large  enough  sp  that  the  surface  of  th?  Vdye  c^ah*  bel^felst^r^V  - 


(^igf  3U)f 

¥he  f Oasph  for  the  pri^  of  ahpffc  wyes  fplipws:!  The  corparatiw  yelocity  of 
a  intow  of  gas  in^  of  the  nose  Of  avbpdy  is  sraallf  flow  ih- 

creasedi  The  gas  approaching  the  hose  Of  mpyes  slowly  .  An  iii^ulse  transr 

adtied  by  the  body  to  the  adyancing  gas  ^radiates  along  the  top  of  the  stream  at  the 
speed  Of  sound.  :If  the  Telocity  Of  the  motion  is  subsonic,  the  masses  of  the  on- 
ecmiLhg  gas  have  time  to  obtain  the  "news"  beforehand  about  the  approaching  body  in 
the  form  of  a  pressure  icpulse,  and  the  velocity  of  the  gas  begins  to  change  in 
yalue  and  in  direction.  The  stream  lines  of  the  flow  warp,  and  the  gas  flows 
smoothly  around  the  frontal  surface  of  the  body  (Fig.  33a).  If  the  approach  yelocity 
is  greater  than  the  speed  of  sound  (M>1),  the  pressure  impulse,  moying  at  the  speed 
of  sound,  does  not  have  time  to  reach  the  onewning  gas  massp^j^t 
Ing  the  frontal  aui'face  of  the  body,  the  gas  decelerates  suddenly,  within  the  span 
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Fig*  .31*.  l^9top*aphs  of  shock  waves. 
av;«-»  •  horm^- 'shp^^ 
b;  -ifr  oblique  hhpck^  M  ^  3>0 


of  ihe  average  TOoiecuiaf  freb^  p^  At  the  sains  tirae,  /a  surface  of  cpntinupu 
ruption“or  sfteck^^  lafbroed.i  fhe  velbcity  0^^  the  gas  flow  as  a  vrtiple  (^cro- 
scppic  velocity)  decf'iasesy  wd;  th^^  of  the  irre^^  thera^  ^weraent  p 

cules  during jpassage  through  the  area:  of  the  shock  wave  increases,  piidng  to  the 
opliision  pf  the  molecules  of  the  phcoining  gas  ^th  the  rooleciiles  of  $irp”£§^^’dcehl*. 
|^^^’e]||2^*||Thu8  the  energy  of  the  flow  is  dissipated. 

The  variation  pf  the  gas  parameters  in  a  shock  wave  depends  upon  the  Mach 
number  of  the  oncoming  flow  and  upon  the  form  of  the  streamlined  body  (see  Fig.  3h). 
During  the  approach  of  a  supersonic  flow  to  the  surface  that  is  placed  normal  to  the 
flow  (Fig.  3he),  a  normal  shock  wave  appears.  During  the  approach  to  a  surface, 
located  at  an  angle  to  the  flow,  oblique  shock  waves  appear  (Fig*  3hb)* 

^  The  larger  the  Mach  number  of  the  advancing  flow,  the  greater  the  relative 
variations  of  speed,  temperature,  and  density,  and  the  more  intensive  is  the  Jump. 

The  deceleration  of  a  gas  in  the  jump,  accompanied  by  the  shock  of  the  advancing 
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gas'  ibh  the  j&eady  decelerated  gas  and  the  dissipation  of  energy,,  is  irreversible* 
Therefpfei  during  the  cprcputatioh  of  pressure  vaiiattqn  in  a  juinpi  PpisspnSs  equa- 
tiphi  ^ich  |y  right  is  pnly  valid  for  a  reversible  process^  danhpt  be  usedi  The 
▼aiiatidn  of  the  parameters  pf  a  gas  ins  a  . 4b#  is  cgdculated  by  the  elation  pf  the 
cpntiir^ty  Pf i&dw  M  by  the  laws  pf  the  conservatiph-pf ^  and  energy* 

The  more  single  relationships  Mve  applica^^^  in  describing  norm^  trayes 


/SSctioh  Jib*  jK  ^Normal  Shock  ;¥aye> 


The:  paranieters  of  ‘  the  pir  in  front  of  a  normal  shoclc  wave  are'  52;  '‘“\7 

index;  the  parameters  of  the  air  .behind  the  :shock  n  are  .  by  i..>X . 

•!1> 

The  impulse^  pf  the  flpw  in  front  pf.  the  shoclc  wave  and  behind  it  are*  eqikil  to 
each,  piiieri  because  the  reactidn  of  a  flow  on  the  cyliridrical  walls  of  a  tubs  pf  flpw 
is  egu^  to  zerp  , 

*»  J  > 

Utilisdng  Klsele^  f pirmla  (2.81),  we:  find’  the  ratio  between  the  relative 
velocity  in*  fSrPnt  of  the  shock  wave  and  behi^  noting  that  the  stagnation  tem- 
:^atwes  andj  cohse^ently^;  the  critical  velocities  in  the  shock  wave  d?  Rpt  ve?3C- 


noi« 


Nbehce 


and  the 

tfO 


of  the  air  is*  cphstant  G^.  »  Gjn: 


.  m 

'T 


*  4.  * 


? .  ( 


or 


(2.96) 

(2.99) 


-  -  ,  *! 

The  last  quadratic  equation  has  two  roots: 7^  1*  ^  ^  ^  occurs  with  a 

constant  velocity,  the  shock  wave  is  absent,  and 

I  '  ■ 

(2*100) 

The  greater  the  relative  velocity  of  the  advancing  flow.^^Q,  the  less  the 
relative  velocity  behind  the  shock  wave)^  2,*  shock  wave  appears  only  during  a 
supersonic  flow:  >  1*  Consequently,  the  flow  behind  a  normal  shock  wave  is 


I  Vi — 
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.  aivays  subsonic?  .  A,  3^ 

'V  • 

Tifte.  absolute  ^Ib'jr  speed  behind  hbiroal  shock  iave 


fWi== 


=flXi 


peratwe  behind  a  nprinai  shock  irave  is: 


-  K" 


_L  •" 


h|l  -  Vji 
Pkavc^;’ 


.  ■",  "  I 

M,<l  ' 


:  .\  '  ^  h 

•T'  a 

,  ^  y  .  :m..Z.-rr 

Fig.  3j«  Malprata  bf  U  hpnn^'  shock  waye< 
Legend:/  a)  shock  i:ave 


V  -i  ■. 


(2.101) 


j  ^+  l  tty  *  • 

ittth;  ail  iiicredse  ill  velocity,  the  staj^tion  temperature  Tq^  grows.  The  tein- 


(2.102) 


(2.103) 


Ve  find  the:  sta^ation  pressure  behind-  a  riormal  shock  vave  by  the  discharge 

formula ‘(2y7h)-  • 


r--- 


■y  (*+i)/?ro 


‘^Spny 


2g»> 


Vhence 


and 


SS0.  -^0*)  —  f, 


P.; 


"M—-. 

1, 

1  • 

*+!»;] 

(2.10U) 


The  last  formula  is  called  Rayleigh* s  formula. 

The  ratio  of  the  stagnation  pressure  behind  a  normal  shock  wave  to  the  stagna 
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tion  pressiire  or  the  advancing  flow  is  called  the  recovery  of  px'*essure  in  a 


horTiial  shock  t^ye 


i^hzlj:2 
A-i-l  •• 
,  A— I  1 


.1 

nft-l 


^+1  xE 


(2.105) 


static  pressnro  behind  a  normal. shock  nave  is 

1  pl — Poi^(^l) — Ptt' 


P\ 

Pa  , 


*(Xii)6(Ai)‘ 


■(?■») 


I  *— — ^ —  >“ 


(2,106) 


SnbEtit^ting  in  the  place  of  acccrding  to  fon-rjla  (2<,70},  ua  obtain. 


after  some  modifications 


S' 


Pa/f+y  wt 


(2.107) 


We  find  the  relative  density  increase  in  a  norm^  shock  nave  from 

equation  _  .  . 

!■ 


yi  o\a 

Swt 


X« 


«x, 


(2.108) 


t’hon  the  mcxiinura  possible  value  of  the  relative  velocity  of  an  advancing  flow 


is 


AIl\  «i±l  ‘ 

\T«/a«  *-l* 


(2.109) 


The  density  in  a  normal  shock  wave  may  be  increased  not  more  than  ]£JLi:  timeb-. 

k  -  1 

Vhen  k  «  1.4»  the  maximum  possible  density  increase  is  equal  to  six. 

k  -  1 

The  velocity  in  a  normal  shock  vaye  may  vary  not  more  than  • — —  times. 

k  ♦  1 

The  parameters  of  the  air  behind  a  normal  shock  wave  plotted  as  function  of 
Mach  nusiber  are  shoun  in  the  graph  of  Fig.  36. 

If  the  Pitot  tube  be  placed  in  a  supersonic  flo»T,  then  a  normal  shock  wave  will 
appead  in  front  of  its  inlet  opening.  The  relative  perssure  increase  in  ths  tube  will 
be  expressed  by  Raleigh's  formula  (2.10k).  Tlie  Uach  number  of  the  flow  may  be  calcu¬ 
lated  from  the  pressure  increase.  A  Pitot  tube  with  a  metallic  manoneter  whose  scale 
is  graduated  in  Mach  numbers  is  called  a  machmeter.  Machmeters  are  installed  in  wind 
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ja3iia,id/U.<U-j. 


«5  jJrcLii&i2i'raja 

^  _  u  j_Li  A  A  \  Xvy\  “ ; 

\  I  rAj(\  f  \  mi  t 

■  ^  \i  i/iTf  I  rryi.  I  I ,  ! 

L?  ^r<p\AlA _ UyA 


J_4\LLLU^ 

idagru£r 


M 


£ 

\ 

•  1 

\/ 

© 

- 

■ 

r 

c 

M. 


Fig.  36.  The  variation  of  air  parameters  in  a  normal  chock  tnvc. 


tunnels  and  in  aircraft. 

The  dissipation  of  energy  has  the  greatest  value  in  a  normal  shock  ^Jave. 
Therefore  the  deceleration  of  the  air  through  a  normal  chock  rave  is  the  least  ad- 
vantageous.  Energy  losses  are  significantly  less  in  oblique  shock  naves. 

Section  11.  Oblique  Shock  IJaveo 

Oblique  shock  naves  appear  during  the  approach  of  a  supersonic  flow  to  wedges, 

cones,  and  other  bodies  that  have  a  surface  located  at  an  angle  to  the  direction  of 

# 

the  velocity  (see  Fig.  3it).  A  schematic  of  an  oblique  shock  nave  is  represented  in 
Fig.  37. 

During  the  approach  of  a  supersonic  flow  to  an  inclined  plate  or  a  wedge,  a 
two  dimensional  oblique  shodc  wave  appears.  During  the  air  flow  around  the  cone, 
the  front  of  a  shock  wave  has  a  cone-shaped  surface. 

We  shall  fircu  consider  two  dimensional  shock  waves.  We  identify  the  angle 
between  the  surface  of  a  wedge  and  the  direction  of  an  undisturbed  flow  —  the  ralce 
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Figo  37  Sch:  "itle  of  z  tiro  cUocl;: 

liOCe:L:cli-c.)’  ?.t,’fc.oo  of  rf .i-ok  ' 

^igilo  (by  -ca^  (Fig.  57)'.  The  migle  fj?.ont  of  ttis  obpck.  imvo;  :and  :the 

Erection  of  an  undisturbed'  flow  «•.  thd;  incidehca  angles  of  the  shock  vaTO  rr  is  4?^ 
sifted  by  ^  ,  ':®iiis  shigle  is  un^oTniy  it  ^4ii  tO:  1: .  ''7:^  #ee. 

(■2ii?li27,  ,  ^  ■ 

The  velocity  of  ah  un^:sturbed  f Ipif  inay  be:  divided  into  two  components; 

find  the  first  of  >;*ich  is  parallel  to,  hhd'  the  second  perpendicular  toj, 
the  /sihdac.e  bf  the  shock^'i^vc* 

;  -  ”  11^) 

Only  the  honiial  cosponent  of  velocity  varies  T^en  crossing  the  surface  oi  a 
shock  ffayey  the  tangential  cgmppnen^  reiiiains  constant: 

■  '  "  -  ^  ^  -  -V  \ 

,  .  Ufn=^Wiu~w$..  : 

The  normal  conponent  of  velocity  experiehbes  a  normal  shock  wave,  for  which 

‘  '  J 

all  the  relationships  obtained  in  the  foregoing  paragraph  are  valid* 

The  Btagnati.on  tcrpcrature  ratio  of  the  normal  ■conponont 


.  ^«I4- 
1,  Tu  ^ 


a— I 


^=l4.*ZllMj8ln*a. 

Im  * 


1^"  y 

i; 


'  (2.112) 
The  critical  velocity  for  the  normal  component' is  identical  in  front  of  and 
behind  the  shock  i^ave: 
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0.23# 


The  ]^#ltfive  -heft:#  yeio^Gy  in  a  shock  .tcate  is  ,detc.#33d  W  conuipiaty 


dquamoh 


"'It''- 


"/t«- 


^Hii:  :^. 


dh:  a:  hpraai  shock  t’afte 


1'  -i^fit;— ;• 
r  '  .  *<!  n  . 


(2iiiiD 


The  .-hejowif;?©  velocity ,i's 


•  ), 


4u 

Ii~“' 


'G'  /-  r-  r  -  -  -  \ 


0.21^’ 


iS^^putiBg  ^^0  obtain 


■^iL^  ~ 


,:r 


.  .  .-r— 

.■*,+1'  /4j‘Sih*a  '^.k'‘^:i: 

The  dehsi:by  ratip  in  an  oblique  shook  Tme  is; 

Ti 


-1‘ 


.ili 


(2#i 


(2*H8) 


Tt0  ' -^o’ 

The  ^t)ressin:e  ratio  In'  oblique:  shock  tnyp,.  in  acqprdfanco  vith.  the  formula 


(2iiP7):,  he 


Pi  ^ 

-  ^  t 

':l^'r 

it-l: 


.  _  -  :  _ 0.11# 

The  nPrii^  velocity  bohlnd  the  shock  nave;#,  according  tp.  the  continuity  equa¬ 


tion* 


.;;  ■^.=°..f -W.sln«[f|-|  -l-f:p  ip;?-]-  ■ 


I 


(?.12o) 

The  total  velocity  behind  a  shock  vave  from  a  triangle  of  velocities  (Fig* 

I  « 

■  Utilizing  (2.111)  and  (2*120)^  we  obtain 

On  the  basis  of  (2.118)  and  (2.119),  the  static  temperature  behind  an  oblique 
shock  wave  is 
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iVe  obtain. itshina/.^ah;  oblique;  sbqck  Wave  Cby  the  eqi^tlqa? 

'  '  '  '.  '  "  '-'■^  -  .  “’r  .  ^  "''V ■^' '  '-  -'  .  '  5  "  '  '  '  '  --  -  *  ' 


The  angi^  of  %nc-X^QbfiB  of  an  p'bllcvac  Cffiock,  i/avs  to  ills  cUrectfoE  ,of  i2ji  ee?* 

if  bf^rbeci  -f Ipv;:  is  fobE'd  f  rom  triangle  ‘p£  tlis.  YalP.city  Osee  I!ig;.  3kl» 

■  -  ^  -  f  '  ^Ha:  .*•  iZ  izt^) 

Por  the  Bolutipn-  of  the  ahpyo  eqmtipE  giyeE  values  are  sef  for  the  I&ch: 

n^her  MgV  aad'ithe  Incide^^  aagl©  Pf  the  shock  waye  ^,.  and  the  lake  angle  ^  is 

«d(B|er®ined^  At  a  given  llach  B^  vaiue  for  the  r^e  Mgle^t)  corresponds  to 

two  values  of  tha  shpc^^^  Incident  angle  d,. 


One  value  of  'the  ihcldehce 


noioforns  to  deceleration  of  less  than 


fi^efsonic  spee^i.  5^18  usually  takes  place  during  the  ’beginning  of  6'blique  shock 
iwayes'.  ^  pthef ,.  tbe  ^eatcr  value  of O^t  conforms-  to  deceleration,  of  less  t)^< 

_  eii'bsonic  speed,  whiCh  iiay  occur  in  an  p'blig.ue  shock  wave  acCpnpanled  by  additive 
aerpdj^mic  drag. 

The  dependenca  of  a  shock  wavers  angle  of  incidence  o^  tpon  the  Ifach  number  of 
an  advancing  flow  .at  various  rake  angles  is  shown  in  Pig,  43,  Only  such  o?  values 
are  plotted  here  which  correspond  to  the  supersonic  velocity  behind  a  shock  wave, 
since  this  is  precisely  what  happens  when  an  aircraft  is  in  flight. 

A  certain  critical  value  of  the  rake  angle  corresponds  to  each  Kach  number 

at  which  the  roots  of  the  equation  become  imaginary.  If  the  rake  angle  is  larger  than 
the  critical  angle  then  the  oblique  shock  wave  changes  into  normal. 

The  dependence  of  the  critical  rake  angle  on  the  Mar.h  number  is  shown  in  Pig. 
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it:  ;ais'A  shows"  the;  ci^yc;  of'  flOT  .yeipcity  -behii  shoclc  r/aire.  at  criti- 

iTi&p  an^ie*  ?t  4?-  seenr  f^m  ^the  g^apHl  tbit;  'tt  the?  iklh  nuij^sr  -  the  critical 

:r^|::'angio\i;sv,^  —  ‘  ^  ^  - 


^  From  the  quadratic  equation  (2^123)  it  is  apparent  that  at  a  given  ;l|-^  ti7o 

. .  yalues-of -the^Jach  shi^c  tavCi  and  correopond  to  each 

value’  of  the  incidence  angie  of  the  chock  i3ave>.  Fig*  3?  shoijs  the  relation  of 
the  velocity  behind  an  obli<^e  shock  nave  to  the  velocity  of  an  advancing  flow* 

Here  only  M^>1  is  presented,  the  condition  usually  observed  during  free  flow* 

The  lesser  the  rake  angle  0  ,  the  lesser  the  incidence  angle  0(  of  the  shock 
wave,  the  weaker  the  shock  wave,  and  the  core  similar  to  VJhen  CJ  -  0, 

»a-V 

The  relation  of  the  relative  variations  in  pressure,  density,  and  temperature 
to  lijjis  shotm  in  Fig.  1*0,  1*1,  and  1*2*  The  incidence  angles  of  shock  waves  are 
shown  in  Fig*  1*3* 

Oblique  shock  waves  at  equal  Mach  numbers  of  the  flo*J  are  less  intensive 
than  normal  chock  waves.  Irreversible  losses  of  energy  in  oblique  shock  waves  are 
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The  relation  of  pressxire  behind  an  oblique  shock  wave  to  the  velocity  of 
the  advancing  flow.  ' 


66 


ttoo^h  Several  ^6b3i isliock^  XbilLbidng:  one  Mdthfe%  Tone  may  pblaihT  less: 

pM^P^ipn^^ressure  than/i^th  -ar  :s4p|ip^^ 


4ifrusers. 


•  lil  *  ;ReiaiiPh  of  ttte  d^ 
of  thp.  advicing  fipij* 


an  oblique  shPck  vave  tp  the  velocity 


Ai  %  fex^  smn  rake;  angle, 6)  the  increase  of  pressure,  temperature,  and 
■  density  in  art  oblique  shock  vave  remains  infinitely  small,  >ftien  I  ti)=0  M  ■slna=r.p*‘' 


ilL  =  l;r 

ililv 

,  V  / 


!  -^-1:  M,=m.; 


The  incidence  angle  of  an  Infinitely  weak  shock  wave,  e.g.,  at  which  _ >lj, 

as  seen  from  equation  (2.119),  is  equal  to  .  . 

’'"“•“i,:'  (2*125) 

....  . 

An  infinitely  weak  shock  wave  •e(3rnp4it\iv0S  a  sound  wave  propag^^tift^^-iTOidcHt^ 

.  '7:  '  " 

1^  For  the  time  interval  t,  a  body  traverses  the  path  i?jjt,  and  the  sound  wave 
spreads  out  over  a  distance  ct. 
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Fig*  1*2  ,  ^Relation  of  ibhe  ternperat^e  behind  w  oblique  shock,  wave  to  the 

y^ocity  qf  the  adVMcin^ 

The  envelope  of  sill-  spherical  sound  waves  represents  the  efface  of  a  sound 

“  r*  * 

wave*  The  :half>an^e  at  the  ap^  Of  a  sound  wave  —  the  Mach  angle  —  is  deters- 

nihed  by  eiquation  ,  slha*==-T^t- t 

.  . .  * 

Thus  the  ah^e  at  the  apex  of  a  sound  wave  is  equal  to  the  incidence  angle  of 
m  infiMte!^  weak  shock  Travc>  whic^  appears  as  the  r^e  angle  O  approaches  zero* 
lith  Rowing  rake  angle,  the  incidence  angle  of  the  shock  wave  increases  until  it, 

finally,  reaches  the  critical  value  of  at  a  certainfJto^^’^T^ue  of  the 

rake  angle  (see  Fig,  38),  During  subsequent  increase  of  CO  the  oblique  shock 

wave  suddenly:  becomes  a  normal  one* 

Example;  Find  the  parameters  of  the  air  behind  a  plane  oblique  shock  wave  when 
the  incidence  angle  ^^^r^s^^an^Le  of  wcdg^  *  12.5®  and  M  =  3.5. 

The  incidence  angle  of  the  shock  wave  (see  Fig.  1*3)  27®.  The  velocity  be¬ 

hind  the  shock  wave  (according  to  Fig.  39)  M^  ■  2.76.  We  find  the  increase  in  pres¬ 
sure,  temperature,  and  density  in  the  shock  wave  according  to  Fig.  1*0,  1*1,  and  1*2. 

'■^-2.71;  ^=1,366;  -^=1,98.  ' 

'  Ai  Tm  Tn 
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Relation  .of  the  iiicidence  angle  of  the  chock  Waye-tp  the  ;Mach  number 
of  tfee  adyancih^^ 


Section  12 »  Supersonic  Airflow  over  a  Cone 

At  the  approach  of  a  supersonic  flow  to  the  point  of  a  cone,  cone-shaped  shock 
waves  are  formed.  Let  us  examine  the  symmetrical  air  flow  over  a  cone  (Fig.  h$)» 

If  the  direction  of  a  supersonic  flow  coincides  with  the  axis  of  a  cone,  then  a 
cone-shaped  shock  wave  €5)pears  at  the  apex  of  the  cone,Y’)^'SO-gsnteratr5i£->j?om5  an  ahgleo< 
with  the  undisturbed  flow  axis. 

The  direction  of  the  flow  behind  the  shock  wave  will  be  approxJjnately  the  same  as 
in  the  case  of  a  plane  oblique  shock  wave.  The  turn  angle  of  the  flow  behind  the 
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cone  iwpduces  slgntficahtly  leas  distwbahce  in  a  supersonic  stre^  than  a 
.wedge*  sThcrefprei:  in  order  to  pjbtaih'  a^  shock  wave  of  tto  saiw  intensity  at  the  apex  pi 
a  66ne  as  ai  one  sho4d  t^e  a  cone  having  a  ^eatpr  an^e  at  thei 

than  that  Pi  the  wedge*  The  relation  of  the  angles  ai  ^e  ^ex  of  a  cone  to  the 
angles  at  the  apex  pf  a  vpdge  at  various  nuinbers  of  iW;  flow  is  shorn 

in  Fig*  Ij^.  If  the  angle  at  the  apex  of  the  cone  is  replaced  by  the  angle  at 

the  apex  pf  the  wedge  CO^.ji  the  intensity  of  a  shock  wave  at  a  given  will  not  vary. 
As -one- goes  froBi  the  surface  of  the  shock  wave  to  the  cone  surface^  the  velocity 
decreases^  and  the  pressure^  density,  and  tenperature  are  increased,  reaching  inaxi- 
BUiii  Value  at  the  surface  of  the  cone*  The  relation  of  the  Mach  number  immediately 
behind  the  shock  wave  and  on  the  surface  of  the  cone  to  the  half -angle  of  its  apex 
for  various  flow  velocities  is  shown  in  Fig.  It?.  The  figures  in  the  graph  are  aver¬ 
age  values,  since  the  velocity  distribution  behind  a  cone-shaped  shock  wave  is  not 
uniform*  The  pressure  of  the  flow  at  various  portions  of  the  cone's  surface  has  dif¬ 
ferent  values.  The  average  pressure  on  the  cone's  surface  following  a  shock  wave 
of  a  certain  intensity  has  a  larger  value  than  that  on  the  surface  of  a  wedge*  Wien 
the  apex  angles  of  a  wedge  and  cone  are  equal:  *  ^kon^  wedge  produces  a 

aore  disturbed  flow  than  aoes  a  cone*  The  shock  wav  proves  to  be  more  intensive, 
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iuiiSl  the  pressui'e  ph  the  sui’face  oX  the  wedge  is  greater  than  on  the  surXace  of  the 


:COhd*. 


'  '  ' 

^  At  the  point  i^ere  the  surface  pf  a  etreaiiilihad  boc^  changes  frcm  a  conical  to 
a  (yiinarical  form,  a  weak  disturbance  appears,  Wh3.ch 

J.  ♦  n.  ^  .  i'? 

. .  l  .^sirra^  -p  .  1 

With  supersonic  npw  around  iSe' obtuse  angle  ABC,  the  gas  spreads  out  and  in- 

i 

creases  ih  veipcity  .  The  htrcain  lines  i;arp  and  become  paraliei  to  the  cylinder 

genaratr'is  3BGo  The  velocity  of  the  fXoir  near  the  surface  of  the  cyHnder  increases 


approiiiiately 'to;  the  vi^ue  uliioh  it  bgi  before  the  obllci-ve  s-ych  irave. 


40 


:  30 


aSBAB  . 
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P0~~  JO  20  30  <0  SOw\^, 

Fig*  li6.  Incidence  angles  of  shock  waves  of  equal  intensities,  for  airflows  around 
a  vedge  and  a  cone* 

If  the  velocity  of  the  flow  idiich  approaches  the  cone  is  less  than  the  critical 
value  the  shock  wave  breaks  contact  from  its  point  at  the  apex  of  the  cone  and 

changes  to  a  normal  shock  wave*  The  value  of  the  ma-y-iTmin  velocity  or  the  critical  | 
aiC^e  Wtpy  may  be  found  in  Fig.  38,  by  substituting  the  cone-sh^ed  angle  for  a  two  • 
dimensional  one  vdiich  produces  an  equally  disturbed  flow,  i 

Example:  The  angle  at  the  apex  of  a  wedge  2Ci^  ■  1*0®,  Find  the  maximum 
velocity  and  the  equivalent  angle  of  a  cone  at  maximum  velocity. 

The  maxircum  velocity  is  found  on  the  graph  shown  in  Fig.  38;  ■  1.81*.  The 

cone  angle  ve  find  on  the  graph  pictured  in  Fig.  1*6:  •  2«K0tt=72®. 
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Fig 1*7  relatiorf  of  the  2‘Iacli  number  behind  the  shock  wave  (dotted  line)  and  on 
the  surf aco  of  a  cone  (spUd  line)  vs  the  rake  angle  CO  at  various  Mach 
nimbers  of  a  flowi 


Section  13>v  Drag 

Shock  waves  appear  in  the  interaction  of  a  body  moving  at  supersonic  speed  and 

r' 

the  surrounding  air*  The  pressure  in  a  shock  wave  is  increased* ,  This  increased 
pressure  acting  on  the  frontal  surface  of  the  body  creates  additional  drag>  tMch  is 
called  wave  drag*  The  energy  spent  on  overcoming  wave  drag  is  transformed  into  the 
energy  of  shock  waves*  With  damping  waves  this  energy  is  dissipated* 

t 

The  drag  of  a  body  may  be  expressed  by  the  following  conventional  formula: 


2g 


(2*126) 


Usually  the  drag  of  a  body  is  referenced  to  a  unit  of  its  cross-section  Sj^. 


The  velocity  head:  • 


(2.127) 


At  supersonic  speeds  the  velocity  head  q  has  only  the  conventional  meaning,  since 
the  actual  increase  in  pressure  during  deceleration  of  the  compressed  supersonic 
flow  depends  on  the  manner  of  deceleration,  gcnt^al|sy'  sppdsingi-'-'iiJ  no^‘  equal 
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The  factor  is  called  the  drag  coefficient «  This  c^  depends  on  the  shape 
of  the  body  and  oh  the  Mach  and  Reynolds  numbers  of  the  advancing  flow. 

Usually  is  determined  by  experiment,  by  placing  a  model  in  a  wind  tunnel 
and  measuring  the  forces  acting  on  it.  In  some  cases  the  aerodynamic  drag  may  be 
calculated. 


.  At  supersonic  speed  aerodynamic  drag  is  made  up  of  three  forms  of  resistance, 
caused  by  physical  processes:  friction,  vortex  formations,  and  shock  waves. 

Friction  drag  depends  on  the  size  of  the  lateral  face  of  the  body  and  on 
the  Reynolds  nuiiiberRo  of  the  advicing  flow. 


The  force  of  friction.: 


X  -cS  ^ 


(2.128) 


With  turbulence  the  friction  coefficient  c^^,  may  be  expressed  by  these  empiri¬ 


cal  formulas: 


When  10^ 


When  Re^  10^ 


r -Mi. 

V~  D.«/5  * 


.*  *8  Re 


(2.129a) 


(2.129b) 


The  coefficient  of  friction  resistance  is: 

The  force  of  wave  drag  may  be  expressed  by  the  pressure  appearing  in  the  lead¬ 


ing  wave:  ,  '■ 

.  (2.131) 
where  —  is  the  frontal  surface  (for  shapes  which  do  not  have  a  duct  for  the 
passage  of  air,  S,  is  represented  by  the  ^ea  of  Caximum  cros^section,  &  )«, 
p  is  the  surplus  pressure  in  the  leading  wave,  Ap  ■  p  -  Pj^J 
p  is  the  pressxire  along  the  surface  of  the  body; 

•p^  is  the  pressure  of  an  undisturbed  flow. 

In  the  case  of  airflow  around  axially  symmetric  bodies,  the  surplus  pressure  at. 
various  points  of  the  surface  has  an  unequal  value.  Therefore, the  theoretical  compu- 
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tattpn  of  ti.e  pressure  presents  ^eat  difficulties,  ThfO  waverdrag  coefficients  of 
bodies  we  usually  detori^ned  fi^er 

In  the  case  of  airflow  arbund  a-vedge,  tte  pressure  oh  the  surface,  equal  to 
the  pressure  b^ind  junp  pj^^,  is  equal  at  all  points  on  the  surface;  therefore  the 
COTputatidn  of  the  drag  coefficient- does  not  present  a^  difficulty  r 


Si»  *«; 


ft--')-,. 


C2.132) 


The  pressure  ratio  is  detennined  by  formula  (2.119)  • 

% 

The=  coefficiwnt  of  -wave  drag  of'  a  wedge  is 


i4)' 


(2.133) 


With  ah  increase  of  the  nuni)er  1!^  or  a  decrease  in;  the  rake  angle  W',  the  an¬ 
gularity  of  junp  OC  diminishes  artd  c^^  decreases. 

;*cui^ -  af  ya]^^  a  Wedge  •in  shorm/to  J'  > 

If  the  angle  at  the  apex  of  a  cbne  is  subh  that  the  Jump  has  the  same  inten¬ 
sity  as  during  the  airflow  over  a  wedge,  the  Wave  drags  of  the  wedge  and  cone  are 
similar.  At  supersonic  velocities  of  a  flow,  pointed  bodies  create  weaker  Junq}s; 
therefore  they  nave  less  wave  drag  than  blunt  ones.  A  normal  shock  wave  appears 
before  the  nose  of  a  bo<3y  which  has  the  most  wave  drag  (Fig.  Ii9).  During  the  tran¬ 
sition  of  the  rake  angle  to  a  critical  value,  an  oblique  shock  wave  changes  into  a  nor¬ 
mal  one  and  the  wave  drag  Increases  abruptly. 

During  supersonic  airflow  at  an  obtuse  angle  to  an  axial  supersonic  flow  or 
during  supersonic  flow  past  the  transition  from  the  conical  to  the  cylindrical  por¬ 
tions  of  a  body,  the  pressure  falls  and  the  flow  turns.  The  pressure  on  the  cylin¬ 
drical  portion  of  the  surface  of  a  cylincirical-conical  bod^'  is  similar  to  the  pres¬ 
sure  of  undisturbed  floar  The  pressure  behind  the  stem  (boat  tail)  portion  of  a 
body  is  lower  than  that  of  the  atmosphere.  This  area  behind  the  stem  portion  of  a 
body  represents  a  turbulent  zone  full  of  vortexes  wMch  increase  follo^ring  a  moving 
body.  The  greater  the  l!ach  number  of  the  advancing  flow,  the  Iwrer  the  relative  pres- 
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^oiTered  pro-s^jre -behind  the.  s.tern  portion  creates 


boat  tail  drag:  ^  a  c  Yi 

The  boat  tail  drag  coefficient  is 

p*  /  .* 

(2.i3l») 

PtxpuX 

['  ft)- 

(2.13S) 

the  lowered  pressure  behind  the  stern  at  supersonic  Velocities  of  a  flow  is 


iiinially  less  th^  the  lnc:^ase;d^pressure  before  the  frontal*  surface-pf  the  body*. 
Thcrefprejthe  i^ye  drag  Of  the  stern  is  less  than  the  wave  resisti^ce  of  the  nose 


Fig.  Ij8.  Wave-Drag  coefficients  of  wedges.  Fig.  h?.  Waves  appearing  during  super¬ 
sonic  airflow, 
a  —  rounded  bodyj 
b  —  blunt  body; 
c  —  pointed  body. 


Example  I  When  M  ■  3i  if  the  angle  at  the  apex  of  a  coneCO^^Q^j  *  30®,  then  the 
corresponding  angle  of  a  wedge  22®  (see  Fig.  h6).  Rake  angle  W  is  equal  to  half 

of  the  angle  at  the  apex  of  the  wedge,  0? »  no.  then  the  relative  increase  in  px’essure  in 


front  of  the  nose  ■  2.2  (see  Fig.  I4O).  The  relative  lowered  pressure  behind  the 


-  O.US.” 


fa 


Boat  tail  drag  ■  p^S^(l-0,U5) .  The  boat  tail  drag  coefficient  is 


stem 


7.^ 


H),W 


Flgi  50  Boat  tail  drag  coefficient  when  1. 


(see  Fig.  $0) 


The  wave  drag  of  the  cone  is  /•.  x'"' 

•  *  »  * 

The  wave-drag  coefficient  of  the  cone  is 

2  irx  \  2(2>2-0 

^h®  friction  coefficient,  the  Werall-df!^  cdelfi- 

cient  of  a  cylindrical-conical  body  at  M  ■  3  is 

•jr*fr  tfi*  Bop  ^  0*3 

(co09>are  with  Fig.  181(). 
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CHAPTER  III 
IDEAL /RAMJET  ENGINES 

) 

Me  call  Ideal  those  imaginary  ramjet  engines  in  uhich  the  dissipation  of  ^ne- 
tie  ener^  docs  not  occur  and  heat  losses  are  absent.  Such  idealization  presents  the 
possibility  of  obtaining  very  simple  formulas  for  the  computation  of  gas  dynamic  and 
thrust  pE^lsne^rs  of  a  ramjet  engine.  Those  values^  found  by  the  formulas  of  an  ideal 
ramjet  eii^ne,  ere  toe  upper  limits  vhich  the  parameters  of  actual  engines  strive  for 
in  the. presence  of  mechanical  and  thermal  losses. 

Section  i«  „Fiuidamental  Definitions .  and  Assumptions 

A  schematic  of  an  ideal  ramjet  engine  is  presented  in  Fig.  $1*  The  engine  con¬ 
sists  of  a  (diffuser,  a  condbustion  chamber  (or  heat  exchanger),  and  an  exhaust  nozzle. 
The  engine  operates  on  a  stream  of  air  vhich  is  considered  to  be  an  ideal  gas*  Ve 
deslgnato  by  the  index  ("H")  the  parameters  of  the  jdr  in  front  of  the  engine,  i.e., 
the  parameters  of  an  uhdisttirbed  flwT.  A  reversible  deceleration  of  the  flov/-  occurs 
in  the  diffuser  of  an  ideal  ramjet  engine  regardless  of  whether  the  f 1o;t  enters  the 

engine  at  subsonic  or  supersonic  velocity.  The  static  pressure  increases  thereby 

•» 

from  Pjj  to  p2*  The  stagnation  pressure  remains  constant:  pQg  «  Pqj^.  The  p-v  dia¬ 
gram  of  an  ideal  ramjet  engine  is  presented  in  KLg.  52.  The  conpressed  air  increases 
in  teaperature  from  T02  to  Tq^.  The  stagnation  pressure  remains  constant:  Pq^  s 
The  oonpressed  heated  gas  discharges  through  the  exhaust  nozzle.  The  static  pressure 
diminiches  until  back  pressure  p^^  *  p^.  The  stagnation  pressure  remains  constant 
during  the  flow:  Pqj^  »  pq^.  The  flow  occurs  i?ithout  any  thermal  losses;  hence  stag¬ 
nation  tenperature  does  not  vary:  To[j  - 

The  stagnation  pressure  of  the  gases  exhausted  from  an  ideal  ramjet  engine  is 
equal  to  toe  stagnation  pressure  of  the  incoming  flow:  P(^  »  pQg  »  P03  «  Pq^. 

The  velocity  and,  consequently,  the  momentum  of  the  discharging  gases  are 
greater  than  those  of  the  incoming  flow:  wj^>  w^. 

Due  to  the  increase  in  momentxm,  jet  thrust  fi  appears: 
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CutTii 

~  g  g 


iSie  c  lermodynanlc  cycle  described  by  the  operating  substance  flowing  through  a 
riunjet  engine  (Fig.  $2)  is  called  the  Bray  ton  cycle .  Adiabatic  curve  H-2  shows  the 


reversible  compression  of  the  inflowing  air  in  an  ideal  diffuser.  Constant-pressure 
line  2-3  represents  the  heating  of  the  compressed  air  from  teirperature  Tq2  to  Tq^  at 
constant  pressure.  Adiabatic  curve  3-1;  shows  the  reversible  expansion  of  the  hot  gas, 
during  which  its  enthalpy  is  partially  transformied  into  kinetic  energy.  Constant- 
pressure  line  1;-H  shows  the  cooling  of  the  discharge  gases  to  the  temperature  of  the 

surrounding  mediian.  This  process  obviously  occurs  ‘outside  the  Obelus*. 

A 


I 
I 

I 

Fig.  52.  P-v  diagram  of  the  operating  process  of  an  ideal  ramjet  engine. 

The  area  of  the  p-v  diagram  H23I.,  in  a  certain  conventional  scale,  e^spresses 
the  amount  of  enthalpy  transformed  into  kinetic  discharge  energy. 

In  analyzing  the  processes  wliich  occur  in  a^.  ideal  ramjet  engine,  the  follovang 
assunptions  should  bo  made: 

1.  The  dissipation  of  kinetic  energy  and  thermal  losses  arc  absent. 

F-TS-S>7ltO/V _ _ _ _ : - 


2*  the  pressures  in  the  inlet  and  in  the  exhaust  sections  are  equal  to  the  back 
sres^e:  pjj^^  •  p,j  and  pj^  * 

3*  the  aia^ation  pressure  does  not  vary  during  heating:  Pq^  “  P02* 
li*  The  working  substance  is  an  ideal  gas  the  specific  heat  of  which  is  constant 
cp  •  c<m8t$  k  »  const. 

$•  At  an^  int  of  the  en^he  the  gas  parameters  are  constant  throughput  the 
mtire  crbss-sectipn  (radi^  ^adients  are  absent) : 

vr  dr  dr 

action'  2.,  Gas  .Dynandcs  of  an  Ideal  Ramjet  Engine 


The  velocity  of  a  flow  through  the  diffuser  of  a  ramjet  engine  decreases;  the 
ei^erature;  pressure,  and  density  increase  (see  Chapter  II,  Section  7)  • 

Let  us  designate  by  w^^,  T„,  p^^,  and^f'p  the  parameters  of  an  undisturbed  flow 
lowing  into  an  engine. 

The  parameters  of  a  flow  i^ch  is  partially  decelerated  in  a  diffuser  may  be 


xpressed  either  as  a  function  of  a  Mach  number  or  of  relative  velocity 
The  Mach  number  of  free  stream  flow  (2.63)  is 

^  iTik/trl  • 

The  relative  velocity  of  a  free  stream  flow  (2.55)  is 


(3.1) 


(3.2) 


The  stagnation  ratios  of  a  free  stream  flow^  as-mentlonod  earllor  (Chapter  II, 


oc^on  equal  to 


f 


(3.3) 

(3.U) 

(3.5) 


By  definition,  the  pressure  at  the  inlet  section  of  an  ideal  ramjet  engine  is 
lual  to  the  pressure  of  a  free  stream  flow:  Pi  ■  Pn»  Consequently,  according  to 
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Bernoulli's  equation 

M|=M,  «  V 

•  Air  now  through  the  inlet  section  is 

*  0,=»,tA=w.iA=]/^^^.  (3.6) 

The  flow  nay  be  expressed  by  the  relative  velocity  Xn  Chapter  II,  Section 


(^m)* 


(3.7) 


Stagnation  teitperature  remains  constant  along  the  entire  engine  as  long  as  a 


heat  supply  is  not  acided, 


Toii—Tci — 7c2 — Tos, 


(3.8) 


The  compression  of  a  flow  in  an  ideal  engine  occurs  without  losses;  therefore 
the  stagnation  pressure  at  the  outlet  of  the  diffuser  is  equal  to  the  stagnation  pres¬ 


sure  of  the  incoming  ilov: 


P»—Pqi — PtM- 


(3.9) 


The  velocity  of  the  flow  in  section  $2  decreases  to  value  W2.  The  Mach  number 
and  the  relative  velocity  M2  and  A, 2  remain  equal. 

Air  flow  through  section  S2  is 

(*+0/?ro2  (3.10) 


■Po  (^)* 


(3.10) 


Since  the  air  does  not  escape  and  then  appear  again  in  the  diffuser,  the  right- 
hand  portions  of  equations  (3.7)  and  (3.10)  may  be  equated.  Considerilig  that  -  ’ 

T!i)2-»  ^On  P02  •  POn  ^  Idesl  raiig^  engine,  •nre  "shall  find  the  ratiOj  ^Wnen 


procs-^ct^hG  and  relative  velocities: 


!  ^j*0a) 


(3.11) 


Expressing  X  by  M,  after  simple  reorganizations  we  obtain 


(3.12) 
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The  relation  between  Mach  niatbers  and  the  cross-sections  is  shown  in  Fig,  53 • 

If  M-<1  orA.„<l,  then  the  deceleraSdibh  iprtte’  .iaofir.mll^bccti^^  dif- 

fuser  I  the  increase  of  S  corresponds  to  the  decrease  of  M.  (if,  for  example,  » 

0#5,  and  K2  •  0,2,  then  by.pl^ij^  the  Uaoh  mmber.iS  on-iho  VerticaX^axis  pf.^the  gr£5)li 

in  Fig.  53*  oh  the  basis  of  curve  II  we  find:  -  S* 

si  •  *  5|*  *  S,  1.4  *  I  \ 

Wien  density  variations  are  insignificant  and  flow  velocities  arc 

ifchrtwimateiy  inversely  proportional  to  the  cross-section?:# 

% 

If  K>1  or  \^1,  then  the  stagnation  of  the  flow  vdll  occur  in  a  tapering  tube 
imtil  the  velocity  of  the  flow  ^hp22^i3;eouaiv:to  .the  local  speed  of  .isoj^vv  •• 

„  ^/^ekRr  i 

\  y  *+l^®**. 

The  section  in  which  M  «  1  and  A  *  1  is  called  the  critical  section  S^j,  (Fig. 


Fig.  53*  The  relation  of  the  local  values  of  the  Mach  number  during  a  flow  along  a 
tube  of  variable  cross-section  to  the  ratio  of  the  cross  sections  Si  • 

S^r 

We  find  the  ratio  between  an  arbitrary  section  of  the  tube  and  the  critical 
section  S^j.  from  equation  (3«11  or  12),  substituting  M2  “  1  or  \2  “  ^  therein: 


.  ._MiI 


t 

rri 


(3.13) 


The  velocity  in  the  exhaust  section  of  diffuser  So  is  equal  to 
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(3.1U) 


I 


The  static  temperature,  pressure,  and  density  in  section  "2" 


i+*  'mJ 

(3.1S) 

T92 

Mi.) 

i+Vm» 

it. 

pm 

*(i.) 

• 

(3.16) 

Jt 

a 

T« 

«(M 

(3.17) 

The  air,  compressed  in  the  diffuser,  enters  either  a  chamber  where  a  molecular 
fuel  is  burned,  or  the  heat  exchanger  of  a  reactor  in  i.’hich  atomic  energy  is  released 
The  stagnation  temperatxire  in  a  heat  exchanger  increases;  the  stagnation  pres-  \ 
sure,  by  definition,  remains  constant  pQ^  *  Pq2» 

The  ratio  of  the  stagnation  temperature  of  the  heated  gases  Tq^  to  the  stagna¬ 
tion  temperature  of  the  incoming  flow  Tqj^  is  called  temperature  ratio  ^  : 


fo3_ro3 

Tin' 


(3.18) 


According  to  the  equation  of  continuity  (3*7)  for  sections  $2  and  S^: 


VSience 


where 


•a/' Tin 
¥  Tin' 


^  Oi  0,  • 


(3.19) 

(3.20) 

(3.21) 


The  relation  of  the  calculated  sections  to  velocity  and  temperature  ratio  is 
presented  in  Fig. 

The  hot  gases  discharge  through  the  exhaust  nozzle.  Their  velocity  increases 
to  value  wj^,  and  the  pressure  falls  to  that  of  the  back  pressure: 

;  (3.22) 


The  drop  in  pressure  during  the  discharge  from  an  ideal  ram.jet  engine  is  equal 
to  the  increase  in  pressure  during  the  retardation  of  the  incoming  flow 

/4  Pm  ' 


Since 


Mo-J  J 
0-Si9  ! 


Si't2;25a 


y^4  St 


$•4,2  I 


^ttp  Sfi^P^Sir^,  Sf"^t9S, 


Sj  s^„^2i/9s,u;sr2f9s, 

•  •  I 

I  I 


FiS*  Variation  of  the  computed  form  of  an  ideal  ramjet  engine  during  the 

▼ariation  of  flight  speed  rtien  »  1, 
a)  M„  “  1;  b)  «  2j  c)  fL  «  1*5  d)  I'lj,  «  6 

Note:  According  to  schematic  a),  the  heating  process  begins  at  the  inlet 
section  of  the  diffuser  and  proceeds  simultaneously  with  the  compression 
process • 

consequently. 


Hence 


I 


/ 

] 


1 

< 


\ 


t 

a 

8 

0 


hk 
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F 


M4=M,;  lt  =  Xn. 


(3.23) 


^  The  Kach  numbers  i6r  tlie  relative  velocities- -to  on  ideal 'rajig^  engine 

and  at  its  exhaust  are  equal  to  each  other. 

The  sections  of  the  exhaust  nozzle  are  also  reia^d- tD-''I-eeal-veioe-ities- by  equa¬ 
tions  (3.11) >  (3.12),  and  (3.13)*  in  vhich  the  indices  "n"  and  "2"  are  corresponding¬ 
ly  replaced  by  ''U"  and  "3." 

V/e  find  the  relationship  of  the  terminal  sections  from  the  flovr  equation,  not- 
ing  that  =^1,J  ^  and  ^  =  6  s 

(3.2i) 

Temperature  ratio  ; 0  depends  on  the  increase  in  temperature  in  heat  exchanger 
A.T,  on  the  temperature  of  the  surrounding  atmosphere  and  on  the  flight  velocity 


Tot  Jof  Tos  * 

1  -1  ' 

To.  ^  r.  * 


(3.25) 


With  an  increase  in  flight  speed,  the  stagnation  temperature  of  the  incoming 
flow  Tox  increases  and  the  temperature  ratio  0  decreases. 

The  increase  in  the  temperature  of  a  heated  gas  A  T  during  the  compression  of  a 
molecular  fuel  is  determined  by  the  lower  heating  value  and  the  excess  air  coeffi¬ 
cient  OC:  '  _ 

(3.26) 


ir. 


where  Cp  is  the  specific  heat  of  the  combustion  products; 

L  is  the  quantity  of  air  theoretically  required  for  the  combustion  of  1  kg  of 
fuel. 

For  hydrocarbon  fuels  ^  10,000  kcal/kg  d  L  :=?  15.  The  specific  heat  of 
the  combustion  products  increases  with  the  increase  in  temperature;  however,  for  the 
analysis  of  the  ideal  rairget  engine,  we  agreed  to  consider  specific  heat  as  con¬ 
stant:  Cp  ■  0.21:  kcalAg  deg.  The  relation  of  the  temperature  rise  to  0(  during 
operation  with  a  hydrocarbon  fuel  is  shown  in  Table  3,3 . 
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TABLE  3.1 

THE  REUTION  OF  AIR  HEATING  DURING  OPERATION  V/ITK  A  HYDRO¬ 
CARBON  FUEL  TO  THE  COMPOSITION  OF  THE  MIXTURE 


« 

1 

1.5 

2.0 

I 

3.0 

4.0 

if’K 

2800 

1770 

1350 

910 

685 

If  the  temperature  of  the  atmospheric  air  T^^  *  216.5®  X,  the  stagnation  tem- 
Ton 

perature  ratio  ^ — is  equal  to  1.2,  and  1,  then  the  maximum  possible  temperature 
rati  J  is  equal  to  12.2  when  operating  with  a  hydrc carbon  fuel.  VJith  an  increase 
in  flight  speed,  temperature  ratio  decreases  (see  Table  3.2). 


TABI£  3.2 


THE  REUTION  OF  MAXIMUI-l  COMBUSTION  TSI-IPERATURE  RATIO  TO 

VELOCITY  WHEN  ijr  *=  10 
*n 


0.5 

1.0 

2 

4 

6 

8 

10 

:  9 

10.5 

0.3 

6,55 

3.38 

2.23 

1,72 

1,48 

With  a  sufficient  increase  in  flight  speed,  the  '♦thermal  death"  of  an  air- 
breathing  jet  engine  sets  in,  since  combustion  temperature  ratio  approaches  to  unity. 

The  increase  in  temperature  during  operation  on  atomic  fuel  io‘ dotsroined  by 
thermal  power  of  the  reactor  N  q ,  which  is  expressed  in  kilocalories  per  second,  and 
in  air  consumption  G: 


‘pO  •  (3.27) 

The  maximum  increase  in  air  temperature  in  a  reactor  is  limited  only  by  the 
heat-resistance  capability  of  the  materials  used. 


Section  3.  Thrust  Parameters  of  an  Ideal  Ramjet  Engine 

The  Mach  numbers  or  the  relative  velocitj.es  at  the  inlet  to  an  ideal  engine  and  at 
its  outlet,  as  shovm  in  the  previous  paragraph,  are  equal.*  M^  *  ^nJ  "  Xn* 
stagnation  teirperature  of  the  exhausting  gases  is  higher  than  the  stagnation  tempera¬ 
ture  of  the  incoiTiing  flow: 


**  7*0, = ez;,  =.  8r„ = or, 


#«• 


(3.28) 
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The  critical  velocity  in  the  flow  of  exhausting  gases  is  greater  than  the 
critical  velocity  pf  the  incoirdng  flow; 

’  (3.29) 


=a.VT. 

The  velocity  of  the  discharge  is  greater  than  the  velocity  of  the  influx; 

(3.30) 

Owing  to  an  increase  in  the  momentum  of  the  gases,  jet  thrust  R  appears  when 
*  Pn  and  Pij  *  Pjj;  according  to  (2.92)  it  is  equal  to 


g  g 


(3.30a) 


Noting  (3*21)  and  (3.30),  we  obtain 


OlltgH 

g 


(3.31) 


The 


fraction  is  equal  to  twice  the  velocity  head,  q,  of  the  free  stream 


flow  (2.70): 


T.«>i 


2^ 


Noting  (3.214),  we  obtain 

|s=:2^5’|(pyT— !)==*/>,  M*S4^1 (3.32) 

The  frontal  or  maximum  cross  sectional  thrust  of  an  ideal  ramjet  engine  is 


(3.33) 


For  subsonic  ramjet  engines 


’J5ie':r«tio -of- -the- exhaust  cross-sectional- «re» -to  the  .maxlniuni  cross-secr 

Sii 

tional  area  is  called  the  relative  exit  ratio  si  * 

4  i>K 

“  0,^-1.  For  supersonic  ramjet  engines  Sj^  usually  equals  1. 

The  thrust  coefficient  of  an  ideal  ramjet  engine  is 


(3.3b) 


It  is  seen  from  the  last  equation  that  when  S|^  *  1,  the  thrust  coefficient  with 
an  increase  in  heating,  approaches  the  maximum  value  *  2. 


With  an  increase  in  velocity  the  thrust  coefficient  decreases,  owing  to  the  de- 

^03  ^ 

"^On 

The  specific  thrust  of  an  ideal  ramjet  engine  operating  on  a  molecular  fuel  is 


crease  in  combustion  temoerature  ratio  S 
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(3.35) 


Or  O, 


since  the  fuel  consujnption 


Utilizing  (3.3l)>  ve  obtain 

(p  |/6  -  J)= 


(3.36) 


With  an  increase  in  flight  speed  or  the  specific  thrust  increases  at 
first  rapidly,  passes  the  maximum,  vhich  lies  near  Mj^  «  3j  and  then  begins  to  de¬ 
crease,  owing  to  the  decrease  in  combustion  temperature  ratio  ©  • 

Specific  fuel  consumption  has  the  minimum  value  at  the  velocity  w^,  at  vMch 
the  specific  thi'ust  reaches  the  maximum. 

With  an  increase  in  excess  air  coefficient  OC.  the  specific  thrust  increases, 
asyirptotically  approaching  a  certain  limit. 

Utilizing  the  equation  (3.26),  it  is  possible  to  write: 


(3.37) 


This  conception  of  specific  thrust  is  not  applicable  in  the  case  of  an  engine 
operating  on  nuclear  energy,  since  the  consumption  of  atomic  fuel  is  insignificantly 
small. 


The  economy  of  an  engine  both  during  operation  on  a  molecular  and  during  opera¬ 
tion  on  a  nuclear  fuel  may  be  characterized  by  its  efficiency,  ■ 


Section  U.  Thermal  Efficienqy  of  an  Ideal  Ramjet  Engine 

The  gases  which  flow  through  an  ideal  raJiget  engine  describe  an  operating  cycle 
which  is  depicted  in  Fig.  ^2.  The  increase  ii  vhe  kinetic  energy  of  the  gases  des¬ 
cribing  this  cycle  may  be  expressed  by  the  equation 

A  (3.36) 

The  thermal  pov;er  input  ^Qzat  ' 

The  thermal  power  lost  to  the  surrounding  space  is 
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The  ratio  of  the  heat  converted  to  kinetic  energy,  to  the  heat  supplied  is 


called  the  thertr^l  efficiency  of  the  cycle: 

♦  ^ 

__  OiffiTpi  —  OuepToi  —  G4CPT4  +  (3.39) 

_ _ ..  —  OnCpTQ2 

If  the  consumption  of  the  working  substance  does  not  decrease  during  heating: 


we  obtain 


To4-To2 


(3.»40) 


For  an  ideal  ramjet  engine  and  pj^  =  p^^;  consequently, 

■  Ll^I&l)  *  ^L<^[Pi.\  * 

^02  'Ptnl  T(n  \poJ 

Substituting  (3*ld)  in  (3«ii0),  v:e  obtain 

\PmI 


(3J4I) 


(3.I42) 


(3.1:3) 


The  thermal  efficiency  of  an  ideal  ramjet  engine  depends  only  on  the  ratio  of 
the  stagnation  pressure  of  the  incoming  flow  p^^  to  the  static  pressure  p^j.  This 
ratio  depends  on  the  relative  flight  speed  or  Mach  niu;!ber.  Utilizing  (3.-3)  and 

(3*h),  we  obtain  - *  * 


=  1 - 1 - =  1=1x2. 


•"2  (3.i.J0 

The  thermal  efficiency  of  an  ideal  ramjet  engine  is  directly  proportional  to 

the  square  of  the  relative  flight  speed,  V/hen  -  0,  -  o|  v/iien 

=  (Mii  =  «>).  ’Jr=l 

The  rapid  grovrth  in  thermal  efficiency  viith  increasing  velocity  is  one  of  the 
iiTportant  features  of  a  ramjet  engine  (Table  3.3). 

lABLE  3.3 

THE  REUTION  OF  THE  THERMAL  EFFICIENCY  OF  AN  IDEAL  RAMJET 
ENGINE  TO  THE  WCH  NUl-lBER 


M, 

1 

2 

3 

4 

1 

6 

10 

=  rpH 

% 

16.7 

1 

44.4 

64.2 

76.2 

8S 

99 

The  temperature  increase  of  the  working  substance  in  an  engine  operating  on 
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a  molecular  fuel  occurs  due  to  the  heat  released  in  the  combustion  chamber: 


Consequently  j 


i  l+aL 


(3.1:5) 


•  H,  7g  *  (3.1:6) 

The  thermal  efficiency  characterizes  the  completeness  of  the  transformation  of 
the  supplied  heat  to  the  kinetic  energy  of  the  gas  stream. 


Section  Thrust  Efficiency  of  an  Ideal  Ramjet  Engine 

The  useful  or  thrust  power  of  an  engine  J^iyag  equa3.  to  the  product  of  the 
force  of  thrust  R  and  the  flight  speed  v_: 


dw,. 


(3.li7) 


Substituting  (3.30a)  in  (3.1:7) j  we  obtain 


(3.1:8) 


The  ratio  of  the  thrust  power  increase  in  the  kinetic  energy  of 

gases^  whose  discharge  creates  jet  thrust  R  ,  is  called  the  thrust  efficiency  of 
the  engine  %tyag* 


2e>a(?M>4— -t?a) 


(3.1:9) 


The  conception  of  thrust  efficiency  was  introduced  to  science  by  W.  Ye. 
Zhukovskiy  for  the  case  of  ship’s  movement.  This  conception  of  thrust  efficiency 
was  first  used  by  B.S.  Stechkin  in  relation  to  ramjet  engines. 

The  formula  for  thrust  efficiency  may  appear  very  simple,  if  the  heating  occurs 
without  an  increase  of  the  mass  of  the  working  substance  jS  ^ 

.  (3.50) 

If  the  device  flies  at  velocity  w^  and  the  gases  discharge  from  the  nozzle  at 
speed  w||,  then  the  speed  of  the  gases  relative  to  the  surrounding  air  is  equal  to 
the  difference  of  w|^-Wj^.  The  kinetic  energy  of  the  exhausting  gases  in  relation  to 
the  surrounding  air  is  equal  to  w — — — . 

Thrust  efficiency  is  equal  to  the  ratio  of  useful  thrust  power  to  the  sum  of 
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useful  pov;er  ana  the  fuses'  kinetic  enersv  due  to  their  motion 

For  an  increase  in  thrust  efficiency,  the  difference  between  the  discharge 
velocity  and  the  free  stream  velocity,  i.e.,  combustion  temperature  ratio  1^®=—. 
must  be  decreased. 

It  is  seen  from  equation  (3*50)  that  thrust  efficiency  depends  only  on  the 
combustion  temperature  ratio  6  .  A  given  thrust  may  be  obtained  either  by  increasing 
the  discharge  velocity  or  by  increasing  the  air  input  G.  The  second  way  is  advan¬ 
tageous,  since  it  gives  the  greater  thrust  efficiency  (Table  3»h)» 

TABLE  3. *4 

THRUST  EFFICIEIJCY  OF  A?!  IDE.\L  Eiv'ariS  Xtyag  ^ 

VERSUS  TCdS  liUr.IBER  A':D  THE  SvCSSS  JJ]! 

COEFFICIEWr  U. 


\m.  ' 

A  ■ 

i 

2 

3 

4 

6 

10 

1,0  43 

50 

57 

64 

74 

85 

8,0  62 

69 

75 

81 

88 

93 

5,0  71 

77 

83 

87 

92 

96 

Section  6.  General  or  Total  Efficiency  of  an  Ideal  Ramjet  Engine 

The  general  or  total  efficiency  of  an  ideal  ramjet  engine  is  equal  to  the  ratio 
of  the  useful  thrust  power  ^to  the  thermal  povjer  input 


^  Nq  •  (3.52) 

Total  efficiency  may  be  conceived  as  the  product  of  multiplication  of  the  ther¬ 
mal  efficiency,  characterising  the  ramjet  engine  as  a  heat  engine,  by  tlic  thinist  effi¬ 
ciency,  characterizing  an  air-breathing  jet  engine  as  .Topelling  agent.  In  the  cr^e 
of  a  power  plant  vdth  a  propeller,  both  of  these  coefficients  are  clearly  limited:  blic 
engine  is  characterized  b'--  themal  efricienc;'  and  the  propeller  by  thrust  efficioncy. 
In  the  case  of  a  jet  engine  both  of  these  cocf fic.‘ ents  are  characterized  by  the  action 
of  a  single  unit  and  are  organically  related  to  each  other. 

The  expression  (3.52)  may  be  transformed  in  the  follo-.ving  manner: 
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w-«i) 


The  first  factor  according  to  (3«U6)  represents  therrial  efficiency  7^,  the 
second  factor  according  to  {3,h9)  represents  thrust  efficiency  Conse¬ 

quently, 

(3.53) 

Utilizing'  (3.l4ii)  and  (3*^C),  we  obtain 


Total  efficiency  is  directly  proportional  to  the  square  of  the  relative  flight 
speed  A  j^*  Vath  an  increase  in  temperature  ratio  6  =  rr*  »  total  efficiency  de- 
creases.  If  heating  of  the  gases  is  absent:  0  *  1,  then  and  ** 

But  the  floir  monentun  does  not  increase  thereby,  and  the  thrust  is  equal  to  zero. 
With  an  increase  in  temperature  ratio  6  ,  the  kinetic  energy  of  the  exhausting  gases 
(v^  “  ^  increases  and  the  thrust  and  total  efficiency  ciiininish.  Vdth  moderate 

heating  6  *=  3-ii  and  supersonic  flight  velocities,  the  total  efficiency  of  ideal  ram¬ 
jet  engines  is  very  high  (Table  3*5) •  Thus,  >Aien  =  3  and  0  -  3^  ^  k9%i  i.e., 
-greater  than  «$j^V56f-aay  other  thermal  pov;er  plant. 


TABLE  3.5 


TOTAL  EFFICIENCY  OF  AN  IDEAL  RAliJET  EJiGIire 

« 

VS.  THE  FLIGHT  SPEED  ANL 
AIR  COEFFICIENT  Of  hHSN  »  10,500  AMD  L  =  15 


\  M« 

**  a  N. 

1 

j 

i 

■  2 

3 

4 

• 

6 

10  1 

.  1.0 

7,3 

22 

37 

1 

49 

65 

84 

2.0 

10.4 

30.5 

49 

62 

77 

92 

3.0 

11.9 

31 

W 

66 

81 

95 

4 

han  the  drag  coefficient  of  the  nircreft  and  tho  engino  occorics  uneloss  for  flight* 

ectlon  7,  Characteristics  of  an  Ideal  Ramjet  Engine 

The  thrust  parameters  of  an  ideal  ramjet  engine  depend  on  the  velocity,  tempera- 
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ture,  and  pressure  of  the  air,  on  the  tc:r.perat.ure  ratio  of  the  gases,  and  on  a  num¬ 
ber  of  other  parameters. 

The  dependence  of  the  thrust  coefficient  c^  the  specific  thrust  I,  frontal 

thrust  K. ,  the  calculated  cross  sections  and  w;; —  and  other  parameters  on  the 
h'  Sj  i>lcr 

qpeed  and  altitude  of  flight,  as  ivell  as  on  the  heating  of  the  gases  in  the  cop1>us- 
tion  chamber  are  called  the  engine  characteristics.  Speed,  altitude,  and  control 
characteristics  have  the  greatest  values. 

The  speed  characteri sties  of  an  ideal  ramjet  engine  (Fig.  55  a»  b,  r,  d)  repre¬ 
sent  the  relation  oi  the  engine  parameters  vs.  the  relative  flight  velocity  or 
the  Kach  number  at  a  given  flight  altitude  H  and  combustion  temperature  ratio  6 
or  excess  air  coefficient  oC. 

The  stagnation  temperature  increases  vdth  an  increase  in  flight  speed  (3*3) • 

The  combustion  temperature  ratio  at  a  constant  excess  air  coefficient  ^  =  const 


decreases  with  an  increase  in  speed: 


I _ fw. 


/V(>4) 
CpTmO  4" 


The  relative  discharge  velocity  .and  the  ratio  of  the  terminal  and  throat 
St  ^licr 

sections  ^  and  y--—  decrease  with  an  increase  in  speed,  ovang  to  the  decrease  in 
Sicr 

combustion  temperature  ratio: 

Oj  cp  Wl 

V/hen 

WE 

i.e.,  the  engine  becomes  cylindrical. 

The  thrust  coefficient  decreases  with  an  increase  of  M,  oving  to  the  decrease 

w^  - 

in  the  relative  exhaust  velocity  ~  =V^e.  . 

V/hen  according  to  (3.3i4)  or  — »  0. 

The  specific  thrust,  according  to  first  grows  vitn  an  increase  in  flight 

speed,  oving  to  the  increased  pressure  in  the  chamber  and  the  increase  of  thermal 
efficiency;  then  passes  over  maximum,  which  lies  near  and  begins  to  diminish, 

owing  to  the  decrease  in  the  relative  exit  velocity  ^  =  K  (see  Fig.  55,  c). 
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Velocity  characteristics  of  an  ideal  ramjet  engine, 
a)  /JVr*  f  (Mjj  b)  ca»  f  (JOj  c)  I  •  f  (U«);  d)-g^  t  f  (M„). 

The  relative  frontal  thrust  at  M<1,  vhen  varies  insignificantly,  is 
directly  proportional  to  .  V.ith  the  subsequent  increase  in  II,  the  frontal  thrust 
goes  past  the  maximuiR,  which  lies  near  very  high  Mach  numbers  (see  Fig.  d)» 

Vith  an  increase  in  M,  the  density  and  pressure  of  the  flow  in  the  throat  sec¬ 
tion  increases  and  the  calculated  ratio  of  the  throat  section  diminishes  (see  3»12 
ind  Fig.  Sh)» 

For  this  reason,  an  ideal  ramjet  engine,  rrhich  fttndasiehtally’is  a  single-speed- en 
ine,  suitable  for  one  flight  speed  ^  reach  ^  single  value  of  combustion  ten- 

lerature  ratio  6  =  ^  deviation  from  the  rated  operating  conditions,  com.- 

ression  and  discharge  cease  to  be  reversible,  and  the  param.eters  of  the  rarjet  engine 
ease  to  comply  with  Poisson's  equation.  Kov;ever,  achieving  the  reversible  corpres- 
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sion  of  a  supersonic  floxv  in  a  tapering  diffuser  is  difficult  even  at  raiec  operating 
conditions  (see  Chapter  IV,  Section  6). 

^  An  ideal  rarr.jet  engine,  suitable  for  flight  at  vailous  Kach  numbers,  vould 
have  to  possess  controllable  cross  sections  and  a  variable  area  diffuser  and  nozzle. 

The  altitude  characteristics  of  an  ideal  ramjet  engine  are  shovn  in  Fig.  5^* 
V.ith  a  variation  in  flight  altitude,  the  pressure  and  temperature  of  the  surrounding 
air  change  and,  together  vith  them,  the  parameters  vhich  depend  on  T^.  anti  pp  . 

Combustion  temperature  ratio  6  increases  vith  an  increase  in  altitude,  cv.lng 
to  the  decrease  in  air  temperature  T^: 


Fig.  $6  Altitude  characteristics  of  an  ideal  ramjet  engine. 

After  crossing  the  limits  of  the  troposphere  (H  >11  km),  the  air  temperature 
remains  constant,  and  the  combustion  temperature  ratio  ceases  to  vary.  Be.vond  the 
limits  of  the  stratosphere,  the  temperature  ceases  to  be  constant  (see  Table  1.1). 

Together  vdth  the  change  in  combustion  temperature  ratio  6  the  relative  exit 
velocity  and  ratio  of  the  exit  nozzle  sections  change: 


V.ith  an  increase  in  altitude  from  0  to  the  beginning  of  the  stratosphere, 
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^increases  alcnr*  v.lth  an  increasing  thrust  coefficient,  cg  (see  Fir:.  5f-) 

The  specific  thrust  I  grows  insigni 'icantly  with  an  increase  in  altitude,  cvring 
to  the  increase  of  teinperature  ratio  across  the  coir.bustion  chamber; 

Maximum  cross  sectional  thrust  dimdnishes  with  an  increase  in  altitude,  due  to 
the  decrease  in  air  pressure 

In  the  troposphere,  the  loss  of  m.aximum  cross  sectional  thrust  is  sor.ev.hat  re¬ 
duced  by  the  increase  in  temperature  ratio  Q  . 

The  decrease  in  thrust  does  not  prevent  a  ram. jet  engine  from  being  used  at 
various  altitudes,  since  the  aerodynairdc  drag  of  the  aircraft  X  also  varies  propor¬ 
tionally  to  the  pressure  of  the  surroundi.ng  m.ediumt 

The  control  (tlo’ottle)  characteristics  of  a  ramjet  engine  represent  ........ 

the  dependence  of  the  engine  parameters  on  the  excess  air  coefficient  tXT  or  on  the 

1 

fuel  suppl)*  factor  ^  at  a  given  f'ach  num.ber  for  the  free  stream,  flow  *  const  and 
a  given  flight  altitude  H  =  const  (Fig.  57). 

The  discharge  of  air  through  an  ideal  rami  jet  engine  does  not  depend  on  the  fuel 

supply 


0=«’.tA=V«*w.  ^^M,. 


Therefore  the  fuel  supply  factory  is  directly  proportional  to  the  fuel  vreight  flow 


J__^r 
C  G  * 


V.hen  the  fuel  supply  is  cut  off,  Gg  «  0,  ^  =  0,  0(  =oo,  temperature  ratio 

/— 

0*1,  and  relative  exit  velocity  15-  *.^0  *  1.  At  the  sam.e  time, 


:(‘  fiyf) 
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V.lth  an  increase  in  fuel  flov:  Gg,  ter  perature  ratio  e  increases,  ana,  to¬ 
gether  vdth  it,  the  relative  exit  velocity  ~,  the  ratio  of  the  thrust  coeffi- 


n 


^n 


cient  Cg  *  2  (1  —  frontal  thrust  Rj^  =  c^c  increase. too. 

Impulse,  I,  decreases  from  the  maxirum  value  to  ©(  =  1.  An 

engine  intended  for  maximum  thrust  must  operate  vhen  0(  =  1. 


ayTe 


Fig.  57.  Control  characteristics  of  an  ideal  ramjet  engine. 

Si)  py/e  •  £  (t<);  b)  =  f  (oc  )j  c)  J  f  (o('). 

The  dependence  of  the  calculated  cross  sections  of  an  ideal  ramget  ongir.o  upon 

the  mixture  ratio  is  shown  in  Fig.  58. 

An  engine  intended  for  long  range  must  operate  at  the  least  possible  fuel  flov. 
since  v.lth  a  decrease  in  the  ra'’ge  factor  II  (1.13)  increases. 

The  decrease  in  fuel  flov  is  linlted  onl>  by  the  drag  coefficient  Cy  of  ar  air 
craft,  since  durinr  horizontal  flirht  (•■oth  coefficients  arc  us’..all\  baste 


upon  the  midship  or  maxi  ram  cross  section  of  an  enrioc.) 


ec-i 


»4 


J?1 
d, ' 


IK? 


Fig.  $0  The  cor.puted  values  of  the  through  sections  of  an  ideal  ran  jet  engine. 
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CHA?Trlt  IV 


DIFFUSERS 

Diffusers  transforr.  the  velocity  head  of  an  incoming  fiov  to  static  pressure. 

The  diffusers  of  rair.jet  engines  have  the  same  function  as  compressors  of  gas  turbine 

P02 

ent,  ■  3.  The  greater  the  pressure  increases  in  a  diffuser  p^,  the  less  the  entropy 
of  the  compressed  gas  s,  the  greater  its  potential  energy-  and  the  greater  the  thermal 
efficiency  of  the  engine. 

Pressure  recovery  in  a  diffuser  has  a  decisive  significance  for  the  operation 
of  the  engine  as  a  vhole. 

The  geometrical  form,  of  the  difiuser  at  which  the  relative  pressure  Increase 
will  be  the  greatest  is  determined  by  the  Each  niunber  of  the  free  stream  flcv;  M^. 

The  structure  of  subsonic  diffusers  (Mjj<l),  transsonic  diffusers  =  1-2),  and 
supersonic  diffusers  (Mj^ >2)  differs  essentially  from,  one  another. 

The  action  of  diffusers  may  be  characterized  by  the  following  coefficients: 
efficiency  pressure  recovery  additive  drag  Cxci>  local  losses  ^  ,  and  air 
f  1  cw  ratio  <p* 


Section  1.  Efficiency,  Pressure  Recovery,  and  ?-*ass  Flow  Fac tors 

The  operation  of  actual  diffusers  is  accompanied  b,  energy  losses  from,  friction 
and  shocks,  due  to  which  a  portion  of  the  kinetic  energy  of  the  flow  is  dissipated 
and  the  free  energy  of  the  gas  decreases.  The  utilization  of  a  flow's  kinetic  ener¬ 
gy  in  a  diffuser  is  characterized  by  the  efficiency  ■>id- 

The  ratio  of  the  increase  in  free. energy  of  the  conpresscd  air  Au- to  the 

w2 

kinetic  energ\'  of  the  f lov;  is  diffuser  effici crcv: 

Au 


ig 


(I4.I) 


V.lth  a  reversible  discharge  from  the  nozzle  which  is  joined  to  the  exhaust  sec¬ 
tion  of  the  diffuser  (Fig.  59),  the  free  energy  of  the  coirprossed  air  is  turned 
into  the  kinetic  energy  of  the  stream.: 
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(li.2) 


Consolidating  (l4*l)  and  (I4.2),  ve  fino  that  the  efficiency  of  the  diffuser  is 
asured  by  the  ratio  of  the  kinetic  energy  of  gas  after  a  reversible  discharge 
the  kinetic  energy  of  the  incoifing  f]ov  ^ 


»/Mcr 


Q)  ~  ^ 


Poi  ^07 

Wj  M;. 


^MCT4> 


PO!  0 

^02 


Mh>-? 


(li.3) 


.  59 •  Diagram  of  diffuser  tests. 

a  —  subsordcj  b. —  supersonic. 


He/iu  l) 

Legend:  1)  spi!:oj  2)  c'-scharge 


If  heat  exchange  vith  the  surrounding  air  is  absent,  then  the  stagnation  tem- 


ature  To_  does  not  change  during  a  flov;  through  the  diffuser: 


_ =7*  + 

*R  , 

*  -1 


ih»k) 


The  greater  the  dissipation  of  energy,  i.e.,  the  lesser  the  efficiency  of  the 
fuser  the  higher  the  static  pressure  of  gases  after  a  reversible  discharge 


From  (h.b)  we  find 


“  =1  +‘-^M50-r„). 


(It.S) 


Ke  find  the  increase  in  flov  entropy  when  p  =  const  by  using  (U.5) 

As  =  — = - - - =  — (a.6) 


The  stagnation  pressure  of  the  discharging  air  is  ecual  to  the  stagnation  pres- 
e  of  an  actual  diffuser,  since  the  exhaust  actually  occurs  under  the  action  of 


s  pressure: 


* 


(h.7) 


After  substituting  here  from  (I4.6),  ve  obtain  an  equation  which  expresses 


^-97lO/V 


stagnation  pressure  i^-teras-of  the  velocity  of  the  ir.coirdn"  flow  cjid  of  the 
efficiency  of  the  diffuser 


- _ 1* 

I  o  o  I 

_* 

=[1-1- - - 

21. 


(1.8) 


^\'hen  the  equation  (li»6)  turns  into  a  vell*knov;n  ecuation  for  reversible 

ft-  -^02 

stagnation  pressure;  v’  nr.  ?I^  =  0,  =  1. 

Equation  (ii.b),  which  exi.u'e.sser.  the  stagration  pressurt  in  an  actual  diffuser 
diffuser  in  terns  of  efficiency  is  involved  and  unsuitable  for  practical  co;:- 

putations;  diffu.sor  efficiency  7|d  is  difficult  to  measure  in  practice.  Therefore, 
although  the  value  has  a  clear-cut  physical  meaning,  it  is  seldcn.  used. 

The  quality  of  an  actual  diffuser  is  usually  evaluated  pressure  recover;.. 

factor 

The  ra..io  of  the  stagnation  pressure  of  the  flov;  which  passes  through  a  diffu¬ 
ser,  to  the  reversible  stagnation  pressure  of  the  incoming  flov;  is  called  the  pres¬ 
sure  recovery  factor 


/’Oh 


^02 


Po,^’(K) 


-0?-_ 

/’H 


(1.9) 


The  greater  the  .Icivietic -energy  losaen  occasioned  b,v  frictrow*  end  shock s-  s' 
ll«»  «i>ter.fi‘'theu4iffuser,i.e. j  the  greater  the  dissipation  of  energy,  the 
lesser  the  pressure  recover;,  factor  For  total  dissipation  of  kinetic  energy,  the 

pressure  dees  not  increase  during  the  flov*  deceleration:  Pq2  =  P-.*  In  this  case 
the  diffuser  pressure  recovery  factor  has  tre  rinj.'-iu!  possible  value  ^,r.j  • 

-.Cm 


'min’ 


POh  POh 


V'ith  an  increase  in  vc-locity  of  the  incoming  flow  nr  the  rrinirum.  pos¬ 
sible  value  of  the  pressure  recover;  ''actor  decreases  (see  Fig.  70).  The  pres¬ 

sure  recover;  factor  of  an  actual  diffuser  (^q  lies  betv:een  twit-"  and  CT 


llJLll 
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The  pressure  recovery  factor  is  easily  jr.easuied  in  practice:  diffuser  stagna¬ 
tion  pressure  is  measured  ty  means  of  a  Pitot  tube;  the  Kach  niUTiber  of  the  incoming 
flow  is  measured,  fo"  example,  by  i..eans  of  a  machmeter  or  by  the  incidence  angle  of 
an  oblique  shock  wave  which  appears  in  the  presence  of  the  airflow  around  a  wedge  or 
a  cone  (these  shock  waves  are  distinctly  visible  in  a  Tepler  ir.strujr:ent  or  ir  shaoow 
photographs) . 

The  dependence  of  the  pressure  recovery  factor  upon  the  ‘.acn  risiiber  of  the  free 
stream  flow  is  called  the  ^ffvser  characteristic  (see  Fig.  72). 

iUr  input  through  the  diffuser  depends  upon  the  cross-sectional  area  of  the 
tube's  exhaust  opening  v/hich  is  joined  to  the  diffuser  (sec  Fig.  $9),  and  upon  stag¬ 
nation  parameters  Pq2  and  Tq2* 

The  ratio  of  the  diffuser's  inlet  section  to  the  area  of  its  exhaust  open¬ 
ing  section  $2  is  called  the  diffuser  area  ratio  f: 


/- 


S, 


(ii.lO) 


The  ratio  of  the  weight  flov/  rate  of  air  through  a  diffuser  to  that  weight 
flow  rate  at  which  the  velocity  at  the  inlet  is  equal  to  the  velocity  of  the  undis¬ 
turbed  flow,  is  called  the  weight  flow  ratio  C^; 

_ _  0|  /I 

« 

For  subsonic  diffusers,  the  weight  flow  ratio  may  be  either  lesser  or  greater 
than  one:  ^  ^  1.  For  supersonic  diffusers  (see  Section  5  and  those  follov.lng)  cp  ^  1, 


Section  2.  Additive  Drag  of  Diffusers.  Local  Hes istanco  Factor 

let  us  examine  the  flow  that  enters  a  diffuser  (Fig.  60).  its  velocity  at  the 
inlet  section  of  diffuser  Vjl  is  not  equal  to  the  velocity  of  the  free  stream  flow  w^^. 

This  surpltis  air  impulse  which  oassos  through  the  diffuser  is  expressed  by  equa¬ 
tion  {2,11) 

(U.12) 
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Accordinr  to  the  theurer.  of  ir.paises,  this  surplus  ir.pulse,  acoir.-p  in  inlet 
section  is  eoual  to 

*  (d.l3) 

The  difference  betv.ee..  the  decelerating  force  of  the  flov:  act: nr  in  section  S-j 
and  the  inonentun  the  enclosed  air  is  called  the  additive  diffuser  draf;  X^: 


/L 


H35  sumlus/  (h.lli) 


The  air  r;ldch  moves  from  section  Sp  to  section  S2  varies  in  its  velocity  from 
value  Vp  to  wy.  At  the  same  time,  the  press-iro  varies  fror  p„  to  p-? . 

Additive  drag  is  represented  by  a  force  vhich  voul-J  act  on  the  e>:tci  r.'il  'icrface 
of  a  solid  flov;  tube  H-1  (see  Fig.  60),  The  force  viiich  acts  upon  the  rui’facj  of  the 
flow  entering  the  diffuser,  i.e.,  tho  enclosed  air,  varies  its  According 

to  the  laif  of  the  coualitv  of  notion  and  countemwtion,  th-.;  flo;.  .-cto  u;  >r.  vie  dif¬ 
fuser  with  a  oounteracting  force  c-rcal  in  magnitude  but  onrosite  i  >  direction. 

Additive  drag  may  be  calculated  theoretically  by  deterjuning  the  velocity 
and  the  pressure  p^,  or  may  be  measured  experimentally , 


4 


C) 


Fig.  60  Stream,  lines  at  the  ir.lct  to  a  .subsonic  diffuser, 
a)  (p  <1;  b)  =  1;  c) 


During  the  operntiv...  e!'  the  dir‘'ur.er  nnuer  design  :)oln‘.  'ord li  ci'.s  -  w^j, 
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=  3.  5n 


aruc  =  ^'. 

Adoitive  diffuser  ara-;  reaches  its  .highest  val-e  v.rx-n  the  exhaust  openi.C;^  is 
completely  closed,  :.e.,  vhsn  1^=0, 

The  ratio  of  auditive  drag  to  the  dynaidl;  head  at  ridship  cross  section  S.,.-  of  an 


engine  is  called  the  additive  drag  coefficient 

_  \ 


(h.l5) 


Additive  drag  coefficients  of  suoorsonic  diffusers  are  shcr:n  in  Fig.  73 • 

The  flov;  around  the  external  surface  of  a  diffuser  acts  upon  it  v.dth  a  certain 
force.  The  nacelle’s  aerodynaruc  drag  coefficient  aepends  upon  the  1  ach  ruur;ber  of 

ol 

the  oncondng  flow,  uocn  llie  relative  inlet  area  rat'-j  f  =  — ,  toon  the  ”.ass  flo;; 
ratio  and  noon  Reynolds  nur.ber  ne. 

During  a  flow  tlirough  the  internal  duct  of  the  engine,  friction  and  shocks  oc¬ 
cur,  and  as  a  result  the  pressure  decreases. 

Pressure  losses  from,  shocks  during  a  sudden  expansion  of  the  flow  are  express¬ 
ed  by  the  Sorda-Carnot  formula 

-  >)  •  ‘  {1;.16) 
where  'V"'' is  the  air  density,  which  is  considered  to  be  a  constant j 

w^  and  W2  are  the  velocities  of  the  flow  before  and  after  the  shock. 

The  pressure  losses  in  the  diffuser  arc  less  than  those  during  a  sudden  expan¬ 
sion.  The  ratio  of  pressure  losses  in  the  diffuser  A  P(^  to  the  pressure  losses  dur¬ 
ing  a  sudden  expansion  A  Pud  absorptive  sjock  coefficient 

’  (ii.l7) 

During  a  subsonic  flov  tiirough  the  expanding  portion  of  the  diffuser  the  ab¬ 
sorptive  shock  coefficient  ^  depends  only  on  the  angle  of  the  diffuser  opening 
(Fig.  61,  b). 

Pressure  losses  in  the  diffuser  diet  bo  expressed  by  the  so-called  loss  fac¬ 
tor  or  drag  factor  which  is  measured  by  the  ratio  of  the  pressure  losses  to  the 
local  value  of  the  dynamic  head  q2 


lOi^ 
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The  loss  of  total  pressure  durirg  a  flov:  through  the  diffuser  duct 


is  equal 
(ii.39) 


Fig,  6l  The  characteristics  of  a  subsonic  diffuser. 

a  —  relation  of  absorptive  shock  coefficient  to  the  angle  of  the  dif¬ 
fuser  opening  b  —  dependence  of  drag  factor  ^  upon  the  Reynolcs 
number  Rej  c  —  relation  of  pressure  recovery  to  the  ’-ach  nurcer  as 

a  function  of  various  opening  angles 


The  pressure  recover;,  factor  CT^  in  the  duct  of  a  subsonic  diffuser  is 

_ L_l_= - \ - 


*  Pox 


Toiw! 


7j«^ 


02 


P02 


w 


Utilizing  the  state  fornula  =  hTQ2  and  noting  that  '  vrT3^2’ 

we  obtain 


1+^', 


(I4.2O) 


1C5 
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At  a  lov:  velccit^  of  ^2  depcr/jer.ce  of  uer.sitp  upon  velccit;*  vf.j  br  cisrc- 
garded.  Then,  fror.  equation  (li.l9),  noting  that  ^*2  ~  Yol* 


_ ^02 _ ^01  _ 1 _ f  _ 1  r  ^  )2 


The  last  equation  is  used  for  the  deterninati on  of  pressure  recovery  in  the 
duct  of  a  diffi:ser  v:her.  \2<0-3- 

Assuning  that  pressure  losses  in  a  diffuser  are  deterrined  by  the  absorptive 
shock,  ve  express  the  drag  factor  as  a  function  of  absorptive  shock  factor  'V  • 


AP=<'V„=C-p. 

2^ 


-HI-')- 


(I4.22) 


Section  3«  Subsonic  Diffusers 

A  subsonic  diffuser  is  represented  by  an  expanding  tube  v;hose  forward  edge  has 
srooth  outlines.  To  prevent  disruption  of  the  strean,  a  special  aerodynamic  form!  has 
been  Inparted  bo  the  dirfuscr  lip  ('/is*  t)2).  The  relative  inlet  oi*oa  ratio  of  sub- 

r 

"'i 

sonic  diffusers  is  aLv/aj>'s  less  than  onG:^gTr  f  <  1. 

Air  flow*  through  the  operating  system-,  of  an  engine,  to  w’nich  the  diffuser  is 
connected,  depends  upon  the  total  hydraulic  resistance  of  the  duct  and  also  upon  the 
stagnation  temperature  and  press'ure  of  the  exhaust  gases.  The  hydraulic  res5 stance 
of  the  air  duct  is  basically  deterndned  by  the  cross-sectional  area  of  the  c;diaust 
nozzle  (see  Fig.  59). 

Velocity  Wj  in  the  inlet  section  of  subsonic  diff-aser  Si  is  not  equal  to  the 
velocity  of  the  free  stream  flcnT; 

*  * 

In  the  presence  of  great  hydraulic  resistance  or  a  large  temperature  ratao  - 
!itie  mass  floi/ factor  Cj>  is  small  and  the  velocity  at  inlet  section  is  less  than 
that  of  the  free  stream  flow;  w'-j^  deceleration  of  the  air  begins  ir.  front 

of  inlet  section  Sy;  the  static  pressure  of  the  flow*,  in  accordance  with  “jerr.oulli’ s 
equation,  increases  and  becomes  greater  than  the  atroscheric  press-are:  Py>  Pp.*  Thf; 
deceleration  of  the  flow*  in  front  of  the  diffuser  is  not  accompanied  by  any  losses. 
Therefore,  during  operation  with  external  corpression  the  pressure  recover}  factor  0^^ 
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62  The  aerodynan.ic  forces  vhich  act  on  a  diffuser  lip. 

V.Tiei!  the  duct's  drag  decreases,  the  rr.ass  flew  through  the  diffuser  grows,  and 
the  "velocity  of  the  gases  in  inlet  section  increases  and  ir.ay  becon.e  greater 
than  the  velocity  of  the  free  streai.'  flow  Wjj,  but  n^ay  not  becon.e  greater  than  the 
speed  of  sound;  '^I'^^i*  *'ith  an  increase  in  "velocity  wji,  the  static  prcs':’jre  at 
inlet  decreases  and  inay  becor.e  less  than  the  atn.ospheric  pressure  p^,,  but  by  not 


n.ore  than  1.89  times: 


Stream  lines  at  the  inlet  to  a  subsonic  diffuser  at  vailous  velocities  at  the 
inlet  are  shown  in  Fig.  60.  During  operation  when  the  air  stream  that  enters  the 
diffuser  is  rarefied  at  the  inlet,  the  air  moves  in  a  direction  towai  d  the  diffuser 
axis  at  an  angle  comparable  to  the  degree  of  rarefaction  at  the  inlet,  i.e.,  the 
greater  the  rarefaction,  the  greater  the  angle  (Fig.  60,  c).  At  the  sam.e  time,  the 
flow  detaches  from,  the  internal  walls  of  the  diffuser,  and  \ortex  formation  acecr.- 
panied  by  an  increased  dissipation  of  the  air's  kinetic  energy  occur;  pressure  re¬ 
covery  in  the  diffuser  diminishes.  Rarefactior.  at  the  inlet  tc  t-.e  diffuser  is  un¬ 
desirable.  The  relative  cross  sectior.s  of  the  diffuser  are  so  selected  that  n.ass 
flow  factor  ^  Inoi^sos- to  reach  unity'" anl;r  at  thc'icast  of  the  o^pccteJ  hydrrralic 

resistances  or  at  the  rdnimun  combustion  tc.-uperaturo  ratio  •'  •  . 

run 
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Subson.c  diffusers  usual!:-  operate  v.lth  exterral  co.-.pracsic::  (rii;.  t-'!,  a}. 

The  air  velocity  in  the  diffuser's  e>±aust  {vide}  section  $2^  Just  as  velo¬ 
city  v-^  in  the  inlet  section,  depends  upon  the  area  of  sections  3^  and  S2>  upon 

Pn#  and  upon  the  air  flow  Gy  Cn  the  basis  of  equation  (2.u)  it  iray  be  described 

t£F,  =  a).,;  10,=  == 

(h.23) 


72^2 


The  critical  flow  velocity  a  and  the  stagnation  terperature  Tqj^  are  constant 
along  the  entire  duct  of  the  diffuser: 


1-^x2 

iti-I  “ 


;  a- 1 


*+ 1 


R7\ 


Ox> 


{l,2h) 


0, 

V/ith  an  increase  of  the  mass  flovr  ratio  9= - r- 


The  relative  velocity  may  be  found  by  the  ratio  of  the  total  pressure  to  the 
static  pressure;  - - - — 

''-y  1 

ih.2$) 

,  the  relative  velocities 
and  \2  increase,  the  dissipation  of  kinetic  energy  increases,  and  pressure  re¬ 
covery  factor  CT^j  decreases  (sec  I4.2O  and  U«21)«  The  dependence  of  the  pressure  re¬ 
covery  factor  upon  mass  flow  ratio  is  called  the  off -design  pod  r.t  characteristic  of 
the  diffuser  =  f  {^). 

In  the  selection  of  a  diffuser  for  an  air-breathing  Jet  engine,  the  ir.axirr.uir 
possible  air  mass  flow  shoxtld- be  *eot  "and,  the  crons-sentlonal*  ?3i*fta"<5T  ifilei;  St 

dvbeiTBined  in  the  assumption  that  C^'s  1'^‘or  the  nia:cinium  possible  mass  flow*  I'Tom 


equation  (h.ll)  rre  find 


5,= 


VnTn 


(U.26) 


Section  S2  is  found  from  mass  flow  (2.71*),  iri  setting  a  given  value  for  the 
relative  velocity  ^2*  (The  relative  velocity  at  the  diffuser  exhaust  ^2  in  a  function 
of  the  operating  process  of  the  engine.) 

Omit 


’•=  1  *  il-  /?T; 

y  iif*  •iPon^2^(h) 


(I4.27) 

Example;  Let  us  find  diffuser  cross  sections  and  S2  if  the  m.axim<um  air  flow 
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through  the  diffuser  ~  lo6  kg/sec,  the  relative  flight  veiocit;.  \n~ 
re^i.  ;  h  velocity  at  the  diffuser  exhaust  at  p-^xinau!  flow  is 
‘^2  “  0*2,  Tn  =  216 .^ok  and  =  2310  kg/m^ 

The  stagnation  tempera ture  of  the  free  stream  flow  is 

_  Tm  216.5  216.5 

To^= ^=250’  K. 


'•(U 

6 


The  flow  velocity  is 

S,=V=*-  |/^~y7-OH=0.9.18.3  /J^=2 


260  MlCi’K. 


The  diffuser  inlet  cross-section  is 

Gtatt 


Pi-' 


100.29.3.216.5  „ 

— =  1 .06  M^. 


260.2310 

The  stagnation  pressure  of  the  free  stream  flow  po^  is 

•  2310 

/»0--  =  --^^^=3850  KtjM\ 

The  diffuser  exhaust  cross  section  is 


^roH 


•mMt 


^MPOnh'  (^2) 
^  1,06.0.9 


C  I"***  --  C 

TjW*  *  a*  e(lj)  0.2 


0,692-3,3  Mi. 


Section  h«  Various  Forms  of  Subsonic  Diffusers 

The  inlet  section  of  a  subsonic  diffuser,  as  already  stated  in  the  foregoing 
paragraph,  is  so  chosen  that  through  the  entire  operating  range  cf  the  engine,  the 
di'"  ■'user  operates  with  the  flow  being  con.prcs  .sd  e.'zternally . 

In  those  cases  where  the  deceleration  of  the  flow  begins  in  front  of  the  dif¬ 
fuser  inlet  streams  of  the  enclosed  air  approach  the  edge  at  large  angles. 

Because  of  this,  disruption  inay  occur  (see  Fig.  60).  To  decrease  vortex  fonr.ations, 
the  vails  of  the  diffuser  have  a  smoothly  formed  profile  of  the  longitudinal  section 
(see  I^g,  62),  The  velocit;*  of  the  ?.ir  v.'h.ich  Ho./e  iJ.'oui:d  t]no  diffuser  lip  juvl  the 
pressure  on  the  outside  wall  c!]'-nge.  If  the  lip  s:iai>c  is  correctly  selected,  rai'cfi 
cation  Y;ill  occur  on  it  (  ig,  62)  as  a  result  of  v;hich  tlirust  -.c;  arise  —  as  initi; 
shovm  by  Ye.  S,  .-hcherb.fiov  —  even  when  the  inlet  is  totrdly  open,  i,  c.. 
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The 


S2  . 

thrust  of  a  jet  engine  acts  on  the  internal  arid  external 


surfaces  of  the 


diffuser- 

The  internal  duct  of  a  diffuser  iray  have  anj’’  of  various  outlines .  The  most 
prevalent  of  these  are  corrical  and  iiogradient  diffusers. 

The  conical  diffuser.  The  geometry  of  a  conical  diffuser  is  deteri!d;ied  by  two 

-  '  Si 

parameters;  the  expansion  angle  and  the  inlet  cross  section  ratio  f -  *  ~ 

X  *"2 

(Fig.  63,  a).  The  length  of  the  diffuser,  as  seen  in  Fig.  63,  a,  is  expressed  as  a 

1 

functi^jn  of  the  ratio  the  greater  it  is,  the  smaller  the  expaiisicn  angle  0(^  and 


Fig*  63  Various  forms  of  subsonic  diffusers. 

a  —  conical  diffuser j  b  — 'isogradient  diffuser, 


the  inlet  area  ratio  fi; 


J_ 


x-Vfi  ' 


(h.28) 

With  a  decrease  in  the  expansion  angle  the  length  of  the  diffuser  increases 
and,  therewith,  its  internal  surface  and  friction  losses.  The  pressure  recovery  fac¬ 
tor  ,cr^  decreases}  in  addition,  the  construction  weight  of  the  diffuser  increases, 
hiut  ^Tith  small  expansion  angles,  the  flow  does  not  s.^arate  from  the  sides,  * 


V.lth  an  increase  in  the  diffuser  expansion  angle  D(^j  friction  losses  decrease 
and  the  diffuser's  construction  weight  diminishes;  whereas  with  a  sufficiently  large 
expansion  angle,  separation  of  the  flow  occurs  and  the  pressure  recover:  quickly  falls. 
The  most  advantageous  expansion  angle  is  on  the  order  of  10-15°. 

The  selection  of  the  inlet  area  ratio  f  is  accomplished  on  the  basis  of  an 
analysis  of  the  engine's  operation  as  a  whole.  The  velocity  of  the  flow  moving 
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through  an  expanding  diffuser  din;iri.shes.  The  static  pressure  gro’.rs  in  pfppprtion  to 
the  lessening  of  the  velocity.  If  the  air  density  is  taken  as  s  constant,  and  losses 
are  disregarded  in  the  first  approximaticn,  it  is  not  difficult  to  find  th^  depen¬ 
dence  betveeh  the  :*ncriase  in  static  pressure  and  the  length  of  the  diffuser  by 
means  of  Bernoulli's  equation: 

L  \  2/  J 


The  "i"  indices  belong  to  the  local  values  of  velocity,  pressure,  and  clanieter. 
As  is  seen  froir.  equation  (ii»29),  the  pressure  recovery  occurs  basically  in  the  for- 
vai'd  portions  of  the  diffuser. 

Isogradient  diffusers.  The  deceleration  of  the  flov;  in  an  isogradient  diffuser 
occurs  in  such  a  manner  that  the  rise  in  pressure  is  uniform  along  the  entire  length 


(Fig.  63',  b): 


^£L= 


grad />= const. 


(h.30) 


The  relation  between  the  acceleration  of  the  flow  j  and  the  pressure  gradient 


^  is  expressed  by  Euler’s  equation  (2.29)  Ki-ous  sign  tnfli'eates' 

the  ulrectlon  of  the  acceleration  is  towards  decreasing  pressure.  •  ia  • 
an  isogradient  diffuser  the  product  of  the  acceleration  and  density  is  constant 


along  the  length  of  the  diffuser 


const. 


Assuming  that  the  density  of  the  flow  is  constant,  we  find  the  relation  be¬ 
tween  the  length  of  the  dif  user  and  its  diameter,  ax.  vrfiich  the  deceleration  of  the 
flow  is  constant:  j  «  const. 

The  distance  traveled  during  uniform  deceleration,  as  is  knowr  from  kinematics, 

may  be  expressed  by  initial  and  terninal  velocities  w,  and  w. 

, 

'  V  * 

According  to  the  continuity  equati-»n 

S,  d] 

—  =  0'i  T* 
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Krdir.  here  we  obtain  the  ecuaticr..  of  an  i?ogradient  diffuser 

vrth'Qut  considering  the  corspressibility  of  the  air  “  . 

For  the  inl'rt  section  dj  and^j^  -  0.  The  lengthy  vhl^  corresponds  to  the 

total  deceleration  of  the  flow  (dj;^oo) 

I 

y  • 

At  hi3  velocities  of  free  strcai;:  flow  0.5<Hn<l*0,  one  itust  consider  the 
coiiipressibiiity  of  the  air  for  the  design  oC  the  outlines  of  ah  isc^*"aiienl  diffuser. 

As  the  diffuser  cross  section  increases,  the  velocity  decreases  and  tne  pres¬ 
sure  and  density  of  the  flow  increase.  Thanks  to  the  density  increase,  the  velocity 
decreases  several  times  r.ore  than  the  cross  section  increases. 

In:  a  conical  diffu^ier,  where  the  velocity  quickly  decreases  as,  the  distance 
''rom  the  inlet  increases,  presi.iTS- recovery  occurs  basically  in  the  forward  portions 
•>f  the  diffuser  (see  Fig.  63,  a),  and  the  pressure  gradient  is  great.  A  large  pres¬ 
sure  gradient  contributes  to  the  separation  of  the  flow  from  the  v;alls  and  increases 
'-he  losses  from  vortex  formations.  To  decrease  the  pressure  gradient,  the  length  of 
ironical  diffusers  is  increased  and  the  expansion  angle  is  decreased.  At  greater 
listances  from  the  inlet  section,  the  pressure  gradient  in  a  conical  diffuser  is  de¬ 
creased.  Thus  a  conical  diffuser  may'  be  likened  to  an  axial  compressor,  the  subse¬ 
quent  stages  of  wrhich  increase  the  pressure  less  than  does  the  first. 

Pressure  in  an  isogradient  diffuser  rises  unifor-Mly  along  ics  entire  length. 

The  probability  of  the  boundary  la^^cr  separation  is  cquH]^'’  in  all  sections  of 
the  diffuser.  An  isogradient  diffuser  nay  be  lilcened  to  an  axial  con^Dresuor  the  sub- 
seouent  stages  of  v/hich  produce  an  eu.al  increase  in  pressure# 

For  the  sanie  initial  iind  terminal  diajaeters  and  the  same  prcssiuce  recover:^/-  fac¬ 
tors,  isogradient  diffusers  ai*e  shorter  thi^ji  ere  the  conical  diffusers.  For  the  sa’.ie 
length,  the  pressure  recovoi':'  factor  of  an  isogradient  diffuter  ij  Iiiglier  than  that 
of  a  conical  one. 
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Section  $«  £xpan:.ea  liffi-sers  in  a  epic  Flo'.: 

At  lov  supersonic  velocitie''-  of  a  flcv:  (1.C‘nK^2)  expanced  dif:. users  are  used 

I  (Fig.  Oh) »  To  decrease  drag,  the  forvard  edge  of  a  diffuser  is  iTiade  sharp  and  its 
external  surface  is  conical  vith  a  sn^ill  incidence  angle. 

The  air  flou'  through  the  diffuser  is  deteruined  by  the  exhaust  section  of 
the  tube  which  is  connected  with  the  diffuser  (see  Fig.  59).  If  the  throttle  valve 
is  coiapletely  clcsed,  the  n;ass  flow  through  the  diffuser  is  equal  to  zero:  G  =  0; 

^  ~  0,  Vihen  this  happens,  a  nprrail  shock  wave  (r'ig.  61j,  a)  appears  in  front  of  the 
diffuser  inlet.  The  flov;  bahihd  th-  shock  wave  reinains  subsonic  (K<1)  anu  the  air 
flows  around  the  side  of  the  diffuser.  The  additive  ’’wave’’  drag  is  at  Kaxlinuir., 

The  pressure  in  the  tube,  equal  to  the  stagnation  pressure  behind  the  acrn.al  shock 
wave,  is  determined  by  Hayleig:’s  formula  (2.101:). 

As  the  tube’s  inlet  section  is  gradually  increased,  the  air  flow  tlirough  the 
diffuser  will  increase, the  normal  shock  wave  will  approach  section  and  will 
finally  "sit’’  at  the  inlet  rake  (see  Fig.  6I4,  b).  At  this  time,  the  air  flow  through 
the- diffuser  will  become  the  greatest: 


{h*32) 


The  cross  section  of  the  streaap  tube  •j-dll  be  equal  to  the  inlet  cross  section; 
Sn  *  Si.  The  mass  flow  ratio  will  be  equal  to  one;  ^  *  1, 


f<^w<2 


*)npiutou 

WOHOtti 


s^<$^ 


i^UfuOioil  cMtvm 


Legend; 

1)  hormal  shod:  v;avos 

2)  ?.:Tofication  v.'avcs 

Fig.  6)',  /m  e;-n)anded  diffuser 
in  a  supersonic  flow, 

*)  <  ^pkhI,  h)  =  5p,cs;  ft)  5„p  >  5p,cH. 


paspeMCHun 

The  maximum  possible  flow  through  the  diffuser  during  a  supersonic  flow:  is 
equal  to  the  product  of  the  velocity  of  the  undisturbed  flow,  its  densHy’,  and  the 


area  of  the  inlet  opening  cross  section: 
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For  increacec  in  the  oi^haust  crot-s  seci.i:>n,  the  xiov;  rate  -.n-lj.  rexiiin  cc.i^uiuit, 

since  pressure  disturbances  during  a  supersonic  conditi  n  c:;;inoi  spread  upsurcam  in 
the  i^bw  and  the  signal  reriecting  the  variation  of  back  pressure  '1*0.11  now  be  :*egis- 
tcred  b(?yond  the  inlet  section.  The  niassilo;;  ratio  duriiij  a  supersonic  flo;*,*  carjiol 

he  more  that  one:  if  1^  ^  1,  t]ien<^:^  !• 

If  one  continues  to  increase  the  odiaust  opening  of  the  tube  even  alter  ?.  nor¬ 
mal  shock  wave  approaches  the  diffuser  inlet  openingj  then  there  v/ill  occ’tir  an  e>5?iin- 
sion  of  the  supersonic  flar  sinilar  to  that  as  sianifcstcd  during  the  flou  around  an 
obtuse  angle.  A  suTxsrsonic  flcr.*;  through  the  a'qiandin,;  duct  of  the  diiTuscr  ends  '..Ith 
a  po*.*;crrul  normal  shock  v;ave  (sec  Fig.  6}{  c),  the  losses  increase,  and  the  pressure 
in'  the  tube  po2  acquires  a  value  sufficient  enough  to  force  out  G  -  vrv^Yn^l  "t>* 

air  through  the  exhaust  section  of  tube  S  every  second.  The  pressure  before  the 

cr 

exhaust  Pq2  may  be  found  from  critical  flovr  forniule  (2.53) 


P» 


BSi, 


(ii.33) 


The  function  B,  >riiich  is  dependent  oh-k  and  is  shov;n  in  Table  2.1, 

The  pressure  recovery  factor  of  a  simple  expanding  diffuser  in  a  supersonic 

flov  is  equal  to  the  product  of  the  pressure  recovery  factor  in  a  normal  shock  wave 

C  nr  and  the  oressure  recovery  factor  of  an  expanded  diffuser  0 '»  (when  K..  =  h-,): 
r  '  U  H 

( U  •  3J4 ) 

The  pressure  recovery  factor  .in  a  normal  shock  wave  is  expressed  by 

Rayleigh’s  formula  (2.105).  The  press-ore  recovery  factor  oT  the  expanded  portion, 

if  the  normal  shock  wave  is  located  at  or  in  front  of  the  inlet  section, -is. -datermined 

as  Indicated  previously  in  Sections  3  and  It. 

If  supersonic  flov:  continues  into  the  expanded  portion  of  a  diffuser,  losses  in 

the  terminal  shock  wave  increase,  and  the  diffuser  pressure  recovery  factor  becoues 

» 

less  than  the  maximum  possible. 

With  an  increase  in  flight  speed,  losses  in  the  normal  shock  v/ave  increase. 
Therefore,  when  simple  expanded  diffusers  are  not  utilized. 
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Sectio:. 


At  high  cu;:crsonic  flight  velDciliss  energy  losses  in  a  diffiser  u.th 

ji  normal  shCL'k  xave  at  the  inlet  become  large,  and  the  pressure  recovery  factor  be¬ 
comes  small:  vfnen  >!  =2.5  <ypj.«0.5.  To  decrease  the  losses  during  the  decelera¬ 

tion  O’’  thit  flov,  it  is  advisable  toc replace*  ihe  poverful.  nc-cxal  ^hocK  wave 
at  the  diffuser  inlet  by  a  system  of  veaker  oblique  shock  v:aves,  concluding  v.*ith  a 
weak  normal  shock  wave,  since  energy  losses  in  a  system  of  successive  weak 
shock  '.raves,  vrhich  lead  to  subsonic  velocity,  are  less  than  in  a  single  ncrr^al 
shock  wave. 

To  form  oblique  shock  waves,  the  diffuser  is  supplied  v.ltn  a  spike  which  pro¬ 
jects  from  the -inlet  opening  (Fig.  65)'.  If  several  oblique  shock  waves  are  required, 
the  spike  or  ”bullet"  has  multiple  steps  (Fig.  65,  a).  Sometimes  the  subsequent 
oblique  shock  waves  are  created  by  the  supersonic  flow  intersecting  the  shell  (Fig. 

65,  b).  Usually  the  deflection  spike  is  cone-shaped.  During  the  approach  of  a 
supersonic  flow  to  the  point  of  the  cone,  a  shock  wave  appears,  for.vlng  angle  OC-j^vrith 
the  direction  of  the  ur.disturbed  flow,  Tlie  \''Glocity-  profiles  dui'ing  >,he  flxr  arotmd 
the  cone  are  not  unifom,  therefore  thoproblen  of  an  c:::-.ct  gas-dyna*nic  corroutation  of 
the  flOT/  arouiid  a  cone  by  c  supersonic  flovr  entails  considerable  dif-’iculticn.  These 
may  be  significantljr  facilitated,  if  one  solves  the  tiro-dimcnsionrl  problem  r:id  finds 
the  parameters  cf  the  flo-.r  boliind  tlic  tvro-dir.ensional  .slioc!:  -waves  vciich  arc  foizicd 
during  the  flov.*  around  a  v.'edgo  Vihose  incidence  angles  arc  so  scloctod  as  to  assure 
that  the  arising  shock  vra'ves  sh.ould  be  the  same  as  tliose  registered  during  the  flcrtv 
around  a  cone.  A  vredge  pi’oduces  greater  disturbance  of  a  flov;  th'n  docs  a  cone;  tivj re- 
fore,  in  order  to  give  rise  to  identical  shoe’:  ’javes,  the  angle  of  Lhe  ■..e'igc  nust  be 
less  than  the  angle  of  the  cone.  If  the  angle  of  tlie  cone  is  given,  the  ro-uired 

angle  of  the  vfedgo  nay  be  found  by  ncans  of  the  graph  plotted  in  j’ig,  .':6.  Tlic 
transition  from  a  multiple  r.hock-v;ave  cone  to  o  v/c  lge  is  sho-.m  in  .  ig.  66, 

^  The  inlet  slot,  measured  by  the  normal  to  the  flor;,  has  a  riig-shaped  crons  sec¬ 
tion  along  the  conic  1  opike,  v/ith  cU’ca 
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7~«rjl  •=  Spl-:^  ,,  .j. 

toSui  =tot^  '‘'•^^ 

where  and  djgj^  -are  the  diajT.eters  of  the  inlet  and  spike  in  the  plane  of  the 


(14.35) 


inlet  cross  section; 


jj  Is  the  total  rake  angle  of  the  flow. 


Hochie  CMOtttU 


gp)^^ 

^[S^iicp  wi<ff 
^  1 


r  “'1 


'^ig.  65.  Schematic  of  shock  vjaves  at  the  inlet  to  a  multi- shock -v;ave  supersonic 
diffuser . 

a  —  diffuser  with  a  multi-step  bullet; 
b  —  diffuser  with  reflected  shock  waves. 

^gend:  A)  oblique  shock  waves;  3)  normal  shock  wave. 

The  inlet  slot  corresponding  to  a  wedge-shaped  spike  has  the  form  of  two 


rectangles  (see  Fig.  66); 


•S;=2(a„-a„)frcos»^„.. 


(I4.36) 


Here  a^j^  is  half  of  the  "height”  of  the  inlet  slot  (see  Fig.  66); 
a,,,  is  half  of  the  "height"  of  the  wedge; 


b  is  the  width  of  the  slot. 


If  the  shock  waves  on  a  wedge  and  a  cone  have  a  similar  intensity,  then  the 


cross  sections  of  the  ring-shaped  a.*:d  roctangul?jr  slots  v/ill  be  coually  i'rge. 


muth  ^SnM 

'KunOcj^ 


Legend: 

1)  cone 

2)  tredge 

3)  rcctcjigular  slot 

it)  ring-shaped  rJLot 
tC' 

^  cone 
o)  CihfedRe 
7)  Ssiot 
)  ^7lane 

^0) 


*f)  ^Ko/ibUcCan  uiejtb  i'codqi'O 

Fig.  66  The  transformation  of  a  computed  two-dimensional  (wedge-shaped)  diffuser  to 
a  conical  one» 

Let  us  exair.ine,  firsts  a  tv;o  dimensional  multiple  shock-t%ave  diffuser. 

Let  us  designate  by  ^2>  ^3i  etc.,  the  rake  angles  of  the  flov;  on  the 

first,  second,  third,  and  other  stages,  which  are  equal  to  the  wedge  angles,  (see 
Fig.  65).  Let  us  designate  by  0<2j  ^^3,  etc.,  the  incidence  angles  of  the 

shock  wave  with  the  flow  direction  behind  the  previous  step.  The  distance  ^rom  the 
apex  of  the  angle  of  the  first,  second,  and  other  stages  to  the  plane  of  the  inlet 
slot  we  designate  by 

The  angles  of  the  wedge  612,  ^"*^23  ^3  selected  that  during  a  given  flov; 

velocity  Kjj  one  may  obtain  the  highest  pressure  recovery  corresponding  to  the  least 
wave  drag.  The  most  advantageous  flov;  rake  angles  are  those  b;  which  the  total  grovrth 
of  air  entropy  in  a  series  of  oblique  shock  waves  seems  to  be  the  least.  The  calcu¬ 
lations  are  confirmied  in  supersonic  v;ind  tunnels.  This  probler  was  solved  by  G.  .1. 
Petrov  and  Ye.  ?.  Ukhov  in  the  USSR  and  by  Oswatich  in  Germany. 

The  incidence  angles  of  the  shock  waves  OC^  depend  upon  the  flow  velocity  before 
the  shock  wave  and  upon  the  flow  rake  angle  U)^.  Thus,  for  example,  the  incidence 
angle  of  the  second  shock  wave  ^2  depends  upon  the  flow  rake  angle  0^2  upon  the 
flow  velocity  M2  ahead  of  the  second  shock  wave. 

The  distances  ^2>  ^2^  ^3  **’  P^^ueeds  along  the  ex¬ 

ternal  diffuser,  the  surfaces  of  all  the  shock  waves  intersect  the  edres  of  the  inlot 


slot  (see  ’^'ig.  tS,  a). 
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It  Is  seen  froic  the  foriruia  that 

‘‘-it-  '  ■ 

I  The  distances  ^2*  etc.,  rr.ay  be  found  either  by  trigonooetric  consputations 

-  or  by  construction. 

After  passing  through  the  first  shock  vave,  tchich  appears  vhen  the  flow  passes 
the  apex  of  the  wedge,  the  supersonic  flow  behind  the  shock  vave  deviates  from  its 
original  direction  and  begins  to  move  parallel  to  the  surface  of  the  first  step  of 
the  wedge  (the  directions  of  the  flow  are  indicated  in  Fig.  65  by  arrows).  The  den- 
sity  and  pressure  increase:  the  flow  velocity  reirains  suoerscnic:  Kt>1.  After  pass- 
ing  through  the  second  shock  wave,  which  appears  at  the  junction  line  of  the  first 
step  with  the  second,  the  flov:  again  turns  and  moves  parallel  to  the  second  step; 
the  velocity  remiains  supersonic:  M^^l,  and  the  density  and  pressure  increase.  Be¬ 
hind  the  third  shock  wave,  the  flow  moves  parallel  to  the  surface  of  the  third  step, 
•the  velocity  continues  to  be  greater  than  the  speed  of  sound:  K3>  1,  and  the  density 
increases  still  more.  For  this  reason,  a  strongly  compressed  flow  appears  in  the  en¬ 
gine  inlet  slot  vrfiich  has  an  area  The  original  crosc~section  of  this  flo'.T  is 

equal  to  the  total  inlet  cross-section  A  norracl  shock  '.rave  appears  in  the 

inlet  slot  or  behind  it  and  the  fLov;  velocity  bccoriGS  subsoniG:  IV,  ^  1, 

A  multi-shock-wave  diffuser  operates  similarly  to  the  tapering  duct  of  an  ideal 
ramjet  engine  (see  Fig.  58) • 

The  air  flow  through  the  diffuser  i.s  determined  by  the  continuity  equation. 

For  design  point  condition,  when  the  shock  waves  are  focused  on  the  inlet  edge, 

CP  B  3. 

^  (I1.36) 

The  flow  parameters  at  the  plane  of  this  slot  are  m.arked  by  the  index  "shch’’. 

In  this  case  the  cross  sectio:  of  a  free  stream  flovr  entering  the  diffuser  is  equal 
to  the  total  area  of  the  inlot,  including  the  cross  section  of  the  inlet  spike; 

Si  *>  di  ,  where  d^  is  the  inlet  diair.eter. 

For  the  given  engine  internal  hydraulic  resistance,  the  ternlnal  normial  shock 
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v;ave  is  located  in  the  inlsu  section  (see  Fig.  tpy .  The  fiov;  .'eiocity  behfna  the 


;  nornial  shock  wave  becon.es  subsonic.  During  subsequent  flow  through  the  tapering  duct 
1=  of  the  diffuser,  the  ve]ocity  R:ay  at  first  grow  and  reach  the  speed  of  sound  in  the 
critical  section  of  the  throat:  =  OC,  %cr  “  deceleration  of  the  flow 

\2<1  occurs  in  the  expanding  subsonic  portion  of  the  diffuser  during  operation 
at  the  design  point. 

So  that  the  flow  velocity  through  the  engine  duct  and  the  local  pressure  losses 
do  not  become  excessively  large,  the  inlet  diameter  d-j^  must  be  less  than  the  maximum 
:  cross  sectional  diameter:  dT<d.  . 

X  I'i 

An  oblique  shock  wave  appears  as  the  supersonix*  flow  intersects  the  conical 
diffuser  shell  (Fig.  6?).  The  stream  lines  are  distorted,  and  the  static  pressure  of 
the  air  increases.  The  ratio  of  the  increase  in  static  pressure  to  the  dynamic  head 
of  the  free  stream  flow  is  called  the  pressure  increase  coefficient 


J 

! 

1 

f 


p  P‘"^Ph  —  2  Pm  _ 

i  '~i  K  •  (1,.39) 

As  the  distance  from  the  inlet  edge  is  increased,  this  pressure  coefficient 

gradually  decreases  bo  zero  (Fig.  6?). 

The  increased  pressure  acts  upon  the  shell’s  surface,  creating  external  wave 
drag  of  the  diffuser. 


Fig.  67.  The  oblique  shock  waves  wnich  appear  at  the  intersection  of  a  supersonic 
flow  with  the  shell  of  a  diffuser. 

The  relative  pressure  increase  is  shown  by  a  dotted  line. 


The  external  drag  of  the  diffuser  is  equal  to  the  product  of  the  average  pres¬ 
sure  increase  ^Pgj,=  frontal  area  of  that  portion  of  the  shell  defined 

as  Sob  “  S».j-S2  plus  the  friction  forces  =  Sbok^ 
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rjerc  Cjf  is  the  friction  factor  vhich  is  dependent  on  the  Revholds.  nuRber  (see  Fig. 

3).  ■  ^  , 

*  -  -  -  ' 

the  ratio  of  the  external  drag  Xq^  t.o  the  ,prpduct  of  the  dynamic  head  and  the 

aadwaiiwee-'^eeWpnai'^a  of  the  engine  Is  called  the,  diffusery^lip  earternal^drag  co- 


fficient 


X^==0; 

ytt 


Si  .. 


Vdth  a.jdecreasg  ofi  the  .inlet  areaarstio  ^  the  external  drag  grows,  , 

th  a  decrease  of  the  incidence  angle  of  the  shell's  internal  surface  6  at  constant 
ilet  «a*ea  ratio  f  *  const,  the  shell's  external  surface  increases, due 

)  the  increase  in  its  length  /=  .  The  force  of  friction  Xfv*  also  increases 

■erewith:  whereas ’the  oblique  shock  wave,  which  appears  by  the  inlet  edge,  becohics 
‘ss  powerful  and  the  increase  in  static  pressure  diminishes.  Calculations  corro- 
rated  by  test  indicate  that  the  most  suitable  lip  incidence  angle,  the  one  at 
ich  additive  external  drag  seems  to  be  lowest  (when  K  *  3»3)>  is  equal  to 


A  Schlieren  photograph  of  oblique  shock  waves  which  appeared  at  a  diffuser  in- 


g.  66.  The  dependence  of  friction  coefficient  Fig.  69.  A  photograph  of  shock 

C|-  upon  Reynolds  number  R,  waves  at  a  diffuser  in¬ 

let  at  the  design  point 
'.conditions. 


V/ith  an  increase  in  flight  velocity  or  the  compression  of  the  flow  in 
Lique  shock  waves  grov.’s,  and  the  computed  cross  section  of  the  inlet  slot  Suhch 
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and  the  diffuser- .thPdat  decrease. 

The  necessary  diffuser  cross  sections  are  deterrdned  by  fceans  of  a  gas-dynaric 
liill  culation . 


S^tibn  7»  the  Calculation  of  e  t^'nltiple-Shock-^vrave  Diffuser 

The  calculation  of  a  ir.olti-shock-vave  diffuser  includes  the  following  stages: 

1.  Calculation  of  pressure  recovery.i 

2.  Construction  of  the  diffuser  geo^tiy. 

3.  Detenriihatioh;  of  the  critical  cross  sectibh  of  the  diffuser., 
h,  peteririnatloh  of  the  stagnation  impulse. 

The  calculation  of  pressure  recovery.  V;e  shall  assurce  the  calculated  f tight 

speed  Kji,.  the  number  of  steps,  and  the  flow  rake  angles  ctci 

We  shall  find  the  first  step’s  incidence  angle  A*-)  -  f  formula 

Pi 

(2.121*)  or  by  the  graph  in  Fig.  1*3*  The  velocity  K^:,  the  pressure  ratio; the  deh- 

■  ■  .n  h  ' 

sity  ratio  and  the  temperature  ratio  behind  the  first  shock  wave  after  Ul. 
n  Tjj 

and  Ii2,  on  the 'basis  of  velocity  and  the  flav  rake  angle  COi  rro'  found  by  formulas 
(2*ll8),  (2,119),  (2*122  )>  and  (2*123)  or  by  the  graphs  in  7ig*  39,  hO,  lil,  ctrid  1*2* 
Subsequently,  by  formula  (-2^121*)  or  by  the  graph  in  Fig.  1*3  we  find  the  inci¬ 
dence  angle  of  the  second  shock  wave  OTg  on  the’ basis' of  velocity  Mr  behind  the 

first  shock  wave,  and  the  flow  rake  angle  at  the  second  step  ^2*  ^2  ”  ^  ^^‘1*  ^2^* 

P2  T'2 

The  velocity  Ko,  the  pressure  ratio  the  density  ratio  and  the  temperature 

To  ^  1 

*2 

ratio  behind  the  second  shock  wave  are  found  by  the  formulas  or  graphs  indicated 
above. 

We  determine  the  third  step's  incidence  angle  ‘^oa‘ the-ba»ls' of  veioclty  M  of 

the  flov;  behind  the  second  step  and  the  flow  rake  angle  on  the  third  step  and 
then,  on  the  basis  of  the  same  quantities,  we  find  the  relative  air  parameters  behind 


the  third  shock  \;ave 


E2,  and  K. 

P2  0  2  '*2 
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Ths  pressure,  density,  and  teir.peratui'e  behind  the  last  siiock  v.’ave,  cz^rcsscd 
as  ratios  to  the)  parameters  of  an  undisturbed  flow,  are  equal  to 

£L—£i.£l£L: 

Pt  Pi  P7 

im  f*  tr  T*  * 

•  'Tj  ^3 

U  U  Tx  Ti  ‘ 

jPlov  paramours  behind  the  ter/rinal  nornial  shock  vave,  expressed  as  a  ratio  to 

PU  t'ii  '^U 

the  parameters  of  the  flow  behind  the  preceding  shock  vave  found  by 

the  ^aph  in.  Fig.  36  or  by  formulas  (2.101),  (2.103),  (2.106),  and  (2.108). 

The  stagnation  paraitieters  behind  the  normal  shock  v:ave  as  a  ratio  to  the  para¬ 
meters  of  an  iihdisturbed  flow: 

€$4s=jCL£04. 

-h  'h  ’  T-  1-  7*  *  7*4  74  7a  ’ 

We  carry  out  the  verification: 

Tm  2  -Pn  .7* 

The  pressure  recovery  factor  of  a  multi-shock-vave  diffuser  is 

it 

2 

The  calculations  of  various  diffuser  systems,  which  are  corroborated  by  experi¬ 
ments,  show  that  the  pressure  recovery  in  multi-shock-vave  diffusers  is  ^eat,.  if  the 


flow  rake  angles  are  correctly  chosen. 

Thus,  with  three  oblique  and  one  normal  shock  v:ave,  if  K  =  3,  then  O^>0,6, 
The  pressure  recovery  factor  diminishes  with  an  increase  in  the  Kach  numher.  The 
velocity  characteristic  of  the  diffuser,  which  is  found  by  an  experimental  method, 
is  depicted  in  Fig.  70. 

The  construction  of  a  diffuser  geometry.  After  the  incidence  angles  of  the 

shock  waves  on  the  individual  steps  of  the  spike  are  found,  it  is  not  difficult  to 

construct  the  geometry  of  a  diffuser.  For  this,  it  is  necessary  that  the  surfaces 

of  all  the  shock  waves  intersect  the  diffuser  inlet  edge  at  the  design  point  velocity 

of  the  free  stream  flow  M_  « 

n  rsLSCu 

Let  us  take  the  surface  of  the  first  shock  vave  AO  (sec  Fig.  65)  at  angle  o(^ 
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fro.i.  point  A  to  tne  axis  of  the  engine  00.  The  point  of  intei'section  of  line  AO 
with  the  axis  fonts  the  apex  of  ^ike  0.  Let  us  take  the  surface  of  the  first  step 
of  vedge  OB  at  angle  from  point  0  to  the  axis  of  the  engine.  V.e  take  the  sur¬ 

face  of  the  second  shock  wave  A5  at  an  angle  of  0(2  fron  point  A  to  the  surface  of 
the-  first  step  OB..  Point  B  forms  the  apex  of  the  second  step.  V.e  take  the  surface 
of  the  second  step  BC  at  angle  ^^2  surface  of  the  first  step  03.  V.'e  take  the 

surface  of  the  third  shock  wave  AC  at  angle  c(^  from  point  A  to  the  second  step  BC. 
Point  C  forms  the  apex  of  the  third  step,  V.'e  take  the  surface  of  the  third  step  CD 
at  angle  to  step,  3C.  In  this  v:ay  one  may  construct  the  rensining  steps  if  their 
number  is  greater  than  three.  V.e  find  the  direction  of  the  terminal  normal  shod: 

•frave  dropping  a,  perpendicular  AD  from  point  A  to  t'ne  direction  of  the  last  step 
CD.  The  flow  behind  the  normal  shock  wave  becomes  subsonic:  the  diffuser 

duct  in  the  subsonic  area  must  be  expanded.  The  expansion  of  the  duct  is  accomplished 
at  the  expense  of  the  expansion  of  the  outer  shell  ana  the  narrowing  of  the  rc.?jr  por¬ 
tion  of  the  deflecting  spikv^.  The  formi  of  the  expanded  portion  of  a  supersonic 
multi-shock-wave  diffuser  is  selected  in  the  same  way  as  for  a  subsonic  diffuser. 

After  the  geometry  of  a  two-dimensional  diffuser  is  constructed,  one  m.ust  pro¬ 
ceed  to  the  axially  symmetrical  diffuser  with  a  wedge-shaped  ^ic7  spike.  The  direc¬ 
tions  of  the  oblique  shock  waves  0<2,  etc,,  remain  as  before.  The  rake 

angle  of  wedge  vs  change  to  the  greater  rake  angle  of  a  cone  (see  Fig.  66) 

I 

by  making  use  of  the  graph  in  Fig,  i:6:  point  of  intersections  B' 

of  the  cone’s  surface  OB’  with  the  surface  of  the  second  shock  wave  forms  the  apex 

of  the  cone’s  second  step.  The  angle  of  the  cone's  second  step  we  leave  unvariable, 

since  the  cui'vature  of  the  surface  is  small  and  the  second  terminal  step  produces 

almost  the  same  flow  disturbance  as  does  a  two-dimensional:  60 «  =CO" 

kon  km 

V.'e  take  the  surface  of  the  cone’s  .second  step  at  angle  60-  to  the  surface  of 
the  cone’s  first  step  03'  (see  Fig.  66),  The  point  of  intersection  of  the  surface 
of  the  second  step  with  the  surface  of  the  third  shock  wave  C’  forms  the  apex  of  the 
third  step.  We  take  the  siu:face  of  the  third  step  at  angle  60^  to  the  surface  of  the 
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-Second  sieo.  Thus  the  transition  fror.  a  vedge-shaped  spike  to  a  conical  one  procuces 


Fig.  70  The  Dependence  of  the  Pressure  Recovery  Factor  in  a  Diffuser  upon  the 
Kach  f/uiTiber  For  Various  Stagnation  Methods  and  For  Various  Systems  of 
3hock  k'aves 


a  substitution  of  only  the  first  angle  ^ -  PT  Vne  angle  of  a  cone  the 

rake  angles  of  the  second,,  trurd,  and  Other  cone  steps  reniain  equal  to  the  angles  of 
the  wedge.  This  is  natural,  since  the  lesser  the  ciorvature  of  the  step,  the  further 
it  lies  from,  the  apex  of  the  cone  (see  Fig.  65). 

The  cross  sections  of  the  spike  steps  are,  correspondingly. 

Determination  of  the  Critical  Cross  Section  of  a  Diffuser.  The  cross  section 
of  the  slot  Sgjjgj^may  be  found  from  the  continuity  equation,  when  one  knovrs  the  velo¬ 
city  and  density  behind  the  normal  shock  wave  and  Yl^y  behind  the  previous 
oblique  shock  wave  (0^  and  "Yy 

The  absolute  velocity  behind  the  last  oblique  shock  wave  is 

The  slot's  cross  section,  which  is  mieasured  along  a  normal  to  the  floiT  behind  the 
last  oblique  shock  wave  (see  Fig.  6^),  is  found  the  continuity  equation 

^M,  T,  I 

5m  WIIT*  7,  r,  * 

The  equality  of  the  values  of  found  from  the  above  equation  and  by  m.eans 

of  a  geometric  construction,  is  excellent  proof  of  the  exactness  of  the  computations. 

The  normal ’ shock  wave  will  be  located  at  the  diffuser  inlet  only  in  case  the 
-ube’s  exhaust  section  is  equal  to  the  compu^d  value  (li.3li)»  The  following 
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pOi'agraph  diacussss  the  operation  of  a  ir.'ilti-shock-vave  diffuser  at  off  design  point 
conditions • 

The  calculations  performed  above  are  somev;hat  idealized.  In  actuality,  the 
velocity  profiles  behind  the  shock  vaves  are  not  uniforr .  Due  to  friction  on  the  sur¬ 
face  of  the  spike,  a  boundary  layer  develops,  and  the  velocity  of  the  flov  falls j  in 
order  to  admit  all  of  the  oncoiting  flov,  the  inlet  slot  is  made  larger  than  the  cal¬ 
culated  design  value.  A  computed  slot  is  indicated  in  Fig.  65  by  a  dotted  line,  and 
an  actual  one  by  a  solid  line. 

The  aii‘  velocity  behind  t>  ,  inlet  slot  of  the  diffuser  increases  and  becomes 


equal  to  the  critical  velocity 


y  "Th"* 

The  density  approaches  the  critical  density 


vhere  is  the  stagnation  pressure  in  the  case  of  a  given  system  of  shock  vaves. 

The  critical  section  of  the  diffuser  throat  is  found  from  the  ratio 

(—'& 

S  =  *'*^"^*»  +  1/ 

*'KpT«|»  *  (^h)  % 

Determination  of  the  stagnation  impulse.  During  operation  at  design  conditions, 


the  surfaces  of  the  oblique  shock  waves  intersect  the  diffuser  inlet  edge  (see  Fig. 
65).  The  cross  section  of  the  stream,  tube  is  equal  to  the  cross  section  of  the 
inlet  (not  to  be  confused  >ith  the  cross  section  of  the  inlet  slot  The 

mass  flov:  ratio  ^  *  1  and  additive  drag  is  absent;  *  0.  This  means  that  the 
surplus  stagnation  imspulse  of  the  free  streami  (^1)520^  acting  in  section  82^,  is  equal 
to  the  momentum,  of  the  stream,  tube 

Gttm 

g  g 

On  the  other  hand,  the  stagnation  im.pulso  of  the  flow  in  section  is  eoual 
to  the  pressure  integral  acting  upon  the  spike,  plus  the  m.om.entum  and  the  unbalanced 
pressuie  forces  at  the  inlet  slot.  Projecting  the  acting  forces  onto  the  diffuser 
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axiSj  Ve  obtain 

.fere  S21  sure  the  caxiCTom  cross-snntions  of  the  spiJce  behind  the  first,  second, 
third,  and  other  steps; 

Ap^,  AP2>  sre  the  average  surplus  pressures  which  act  o.n  the  individual  steps. 

In  the  case  of  a  two  dimensional  bullet  these  pressures  are  constant; 
“ob  the  total  or  general  deviation  angle  of  the  flow: 

^obi;  *  ^1  ^  ^2  *  •••} 

^'shch  the  slot’s  cross  section,  measured  by  a  normal  to  the  stream 
lines; 

is  the  surplus  pressure  in  the  inlet  slot,  equal  to  the  pressure  be¬ 
hind  the  last  ob].ique  shock  v:ave; 

^  is  the  Velocity  in  the.  inlet  slot,  equal  to  the  velocit3r  behind  the 
last  oblique  shock  wave. 

Gv 

The  equality  of  the  momentum  of  the  fi'ee  stream  flow  and  the  stagnation 

o 

orces  acting  in  the  inlet  section  is  excellent  proof  of  the  exactness. of  the  compu- 
ations. 


Example;  Calculate  the  pressure  recovery  factor  of  a  four-shock-vave  diffuser 
aying  a  conical  spike,  if  the  angles  of  the  conical  steps  are: 

•  <0^  .  2U°,  ^2  ' 

he  terminal  shock  vave  is  normal  and  the  velocity  of  the  free  stream  flow  *  3»5» 

The  calculation  will  be  carried  out  with  the  aid  of  the  graphs. 

V.'e  find  the  two  dimensional  angle,  which  produces  the  disturbance  of  the  flow 

)rresponding  to  the  giver,  cone  angle  *  21;°.  According  to  the  graph  in  Fig.  1;6, 

»  15®.  The  incidence  angle  of  the  first  shock  wave  and  the  paraif.eters  of  the 

..r  behind  the  first  shock  wave  when  M  *  3*5  and  «=  15®  are  found  by  the  graphs 

.  Fig.  39,  1;0,  1;1,  1;2,  and  1;3:  pfi  «  29®;  %  »  2.61;  =  3. 21;;  ^  =  2.21; 

?n  *  n 

■  1.1;67.  The  angle  of  the  second  shock  wave  relative  to  the  direction  of  the  flow 
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behind  the  first  shock  v:ave,  and  ihe  parareters  of  the  air  behino  the  second  shock 
vave  are  found  by  the  san.e  grachs  for  “  2.6l  and  01)2  =  1C®:  ^2  ~ 

££  Y2  '  h 

K2  “  2.l6j  Pji^  =  1.90;  »  1.57  and  —  =  1.212.  One  must  observe  the  eonalit;  in 

w  1  ^1 

both  cases 

£L^1l2jL.  P2  Tj 

Pm  Im  Pi  1,  Ti  * 

The  angle  of  the  third  shock  vave  relative  to  the  direction  of  the  flow  behind 

the  second  shock  vave  and  the  parameters  of  the  air  behind  the  third  shock  vave 
are  found  by  the  same  graphs  for  1^2  =  2.18  ano  t*)^  =  5° 

03=31,2®;  M3=2.00;  ^=1,34; 

P2 

•^1.23;  ^*=1.087;  {— = 

■  T*  7*  \j>i  72  T2/ 

The  stagnation  paranieters  behind  the  terminal  normal  shock  vave  vhen  K  =  2  are  found 
in  accordance  vdth  the  graph  in  Fig.  36: 

^54=5,62;  ^=3,12;  $^=1,8. 

Pi  It 

The  parameters  behind  the  third  shock  vave,  expressed  as  a  ratio  to  the  para¬ 
meters  of  an  undisturbed  flov,  are  »•  p\  p% 

>  ^,^3  24.1,90.1,34=8,26; 

Pm  Pm  P\  Pi 

JlL  *  Jl  Jb  ^2,21 . 1 ,57- 1 ,23=4,27; 

To  To  Ti  T2 

= -p- ^ -^=1 ,467. 1 ,212.1 ,087=1 ,93. 

•m  7b  Ti  Ti 


The  cross  section  ratio  of  the  inlet  slot  is 

S. 


Ji?L  1/  _L_„  jg, 
!«  «»!,  1'  T,  2-4.27  K  1.93  ’ 


The  stagnation  parameters  behind  the  normal  shock  vave  are 

—  --=5.62.8,26=46,3; 

Pm  Pi  Pi* 

,2.4.27=13.3; 

To  73  To 


or^  otherv/ise, 


_  rpj  _  j  0,0,  , 

2"  T  1,93— 3,47 

Tm  *3 iM 

^=1  +  ^  «;=!  •l-0.2-3.5!=3.4.5; 

>”-'=13.3-3.47=40.3. 

Pm  To  To 
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The'  pressure  recovery  factor  is 


ftt 

Pi  ^.9  ^  . 

•» - es  — — ==0  6, 

tel  77 


If  the  fiignt  occurs  at  an  altitude  of  H  *  25  kxn,  vhere  the  pressure  is  equal 
to  253  kg/cm  ,  then  the  diffuser  considered  by  us  gives  a  pressui'e  of  pQ^  *  h6.3  p^  = 
11,700  kg/m^  =  1.17  atrr;,  totally  sufficient  to  sustain  combustion. 

Section  S.  The  Operation  of  a  llulti-Shock  V.'ave-Difruser  at  Off  Design  Point  Condi- 
tions.  Additional  Resistance. 

The  operation  process  of  a  multi-shock-wave  diffuser  is  dependent  upon  two 
factors:  the  Kach  number  of  the*  free  stream  flov;  and  the  tube*  s  exhaust  opening 
£ross  section.  Let  us  exardne  the  influence  of  these  factors  upon  the  operation  of 
a  multi-shock-vave  diffuser. 


0^  3,  multi»shock-'V7ave  diffuser  at  an  off  design  point  velocity 
^'n^^'rasch*  velocity  of  the  free  stream  flow  is  greater  than  that  of  the 

design  value:  *^^^^rasch>  incidence  angles  of  the  shock  v?aves  decrease 

(see  Fig.  1:3)  and  the  surfaces  of  the  shock  waves  fall  not  upon  the  forward  edge, 
but  inside  the  throat  (Fig.  71,  a).  During  the  approach  of  the  free  stream  flow  to 
the  exposed  diffuser  edge,  a  rarefaction  wave  appears,  as  during  the  supersonic  flow 

I 

around  at:  obtuse  angle.  The  flovf  compressed  in  several  oblique  shock  waves,  and  the 
f-^tv  wnich  has  passed  through  the  rarcfication  'waves,  .rill  both  penetrate  into  the 
throat.  The  profiles  of  velocities  and  pressures  at  the  inlet  to  the  tliroat  abruptly 
becomes  dissinilai*.  In  tlie  subsonic  portion  of  the  diffuser  there  n'ill  occur  a  gradual 
straightening  of  the  profiles,  but  the  average  stagnation  ..ressiire  vdll  prove  to  be  less 
th;in  the  possible  maximum  at  a  given  velocity  21.  The  .re'ssure  rcco've.'y  factor  ’.rill 
be  lawerod.  Tlio  dependence  of  0^  on  is  ocpictcd  in  Fi.g  72,  Ihc  diffuser  mass  fiLov. 
ratio  at  flight  velocities  higher  than  the  design  point  ror.iains  equal  to  one,  and  the 
wa”e  drag  equal  to  zero, 
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If  the  velocity  is  IcsL  thfun  the  iesijTi  then  ^ne  an- 

cidcnce  aniiles  of  the  shock  v;aves  increase  (ses  .‘ig.  )  3)*  *ne  shock  './eves  cease  to 
touch  the  inlet  edge  (Fig.  71, b)  and  increased  prcs~irre  begins  to  act  on  the  surface 
of  the  conical  shell  of  the  diffuser.  The  boundaries  of  the  flov;  passing  through  the 
engine,  v/hich  run  pai'allel  to  the  spike  generatrio:  fron  the  for..'r.i’u  o-ijo,  ora  repre¬ 
sented  in  Fig.  71,b,  br  a  dotted  line.  The  Ei.i.'iller  the  f io;7- vslocit; '  13^,  the  grc-.-or 
the  incidence  angles  of  the  r:iock  '.vaves,  the  lesser  the  cross-section  of  vhc  stro  :i 

tube  Sj^,  /ind  the  lesser  the  n&ss  fin;  ratio  . 

_ .•  -  1 

■  W,>Mp5„  Legend: 

x  -  subsonic  flo'.;  :t  the  inlot 
o  -  su2^ersonic  flov/  at  the  ir.let 
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Fig.  71.  Schcnatics  of  shock  v/aves  v/hich 
appear  at  the  inlet  to  a  dilTusor  at  off 
design  point  velocities. 


Fig,  72.  The  velocity  ch.racberistic 

of  a  dif.  user  Ca)*  22°;  d  ^ 

J!^l.  -  0.o3H. 

cii 


With  a  decrease  of  the  inass  flow  ratio  C|)  the  additive  wave  drag  of  the  dif¬ 
fuser  increases.  After  finding,  as  was  shown  above,  the  pressure  ratios  behind  the 

Pi  P2  p-i 

first,,  second,  third,  and  other  shock  waves  are  one  jr.ay  find  the 

additive  wave  drag  of  the  diffuser  by  assujrdng  that  the  pressures  which  act  on  the 

surface  of  each  step  of  the  bullet  are  uniform. 

The  forces  which  act  on  the  surface  of  each  step  are  respectively  eoual  "to 


The  additive  drag  of  the  diffuser  (see  Chapter  II,  Section  6)  is 

.  .  . 


(ii.a2) 


+[(P,-P.)5.  +  ^]cos.^-fe.  (Ij.W) 

Additive  diffuser  drag  in  the  case  of  conical  spikes  is  r.ore  reliably  deterrdned 
experimentally  by  testing  model  diffusers  in  a  supersonic  wind  tunnel  (see  Fig.  59,  b). 
Additive  drag  is  determined  by  the  m.ass  flow  ratio:  when  ^  =  1,  X^j  =  0.  Vdth 
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a  decrease  of  the  ir:ass  flov;  ratio  Cf  the  additive  ^ag  increases  (Fig.  73)  • 

The  additive^  Wave  drag  coefficient  referred  to  the  niaximuRi  cross  section,  is 


1.1  to 


(h.lik) 


The  mass  flow  ratio  is  equal  to  the  ratio  of  the  actual  flow  rate  through  the 


engine  to  the  maximiun  possible  flow  rate 

_ G  -- 


. _  ^>73  I  ^3 

Mtitm  r 


(h,k$) 


^uTit^l  Multi  w  Tu  Si 

The  cross  section  area  ratio  of  the  inlet  slot  for  a  given  diffuser  is  knovm: 
Sghch 

-f  M-  ^ - ,  v.e  find  the  mass  flow  ratio  ^  after  determining,  as  was  shovm  above. 


Kj,  Yy  and  Ty 


At  sufficiently  low  K^,  the  velocity  of  the  flow  before  one  of  the  steps  be¬ 
comes  so  small  that  the  flow  rake  angle  proves  to  be  greater  than  critical:  &)> 

(see  Fig.  38).  The  oblique  shock  wave  before  this  step  is  transformed  into  a  normal 
one  (see  Fig.  71).  The  pressure  behind  the  normal  shock  wave  begins  to  act  not  only 
on  the  inlet  section,  but  also  on  the  steps  of  the  spike  which  lie  behind  the  normal 
shock  wave,  and  the  additive  wave  drag  abruptly  increases,  with  a  subsequent  de¬ 
crease  of  Mn.  the  normal  shock  wave  is  displaced  to  the  point  of  the  spike. 

For  example,  in  the  case  of  the  diffuser  considered  on  page  126: 

^2  *  ^3  '  ^  normal  shock  wave  appears  in  front  of  the  third 

step,  as  seen  in  Fig.  38,  when  M2  -  1.2li,  i.e.,  when  Mn«’2  (see  Fig.  39) •  A  normal 
shock  wave  appears  in  front  of  the  second  step  when  *  1.1:2  or  when  Mp^  *  1.9li.  A. 
normal  shock  iravo  appears  in  front  of  the  first  step  at  *  1,62.  If  the  diffuser 
is  intended’ for  operation  through  a  wide  range  of  velocities,  beginning  at  ^‘ln'*^^'i«asoh* 

then  to  decrease  the  inlet  wave  drag,  diffusers  are  used  ^Tith  small  inlet  section 

.  ^shch 

area  ratios  q-  and  large  mass  flo;*/  ratios  y>  large  slot  area  ratios  f  »  r - . 

Example.  Find  the  mass  flow  ratio  of  a  15®,  10°,  5°  diffuser  if  Mjj  *  2.5  and 
f  .Ishch  .  o.29i4. 

VJc  find  the  parameters  of  the  air  behind  the  first  shock  wave  on  the  basis 
of  velocity  Mn  «  2.5  by  the  graphs  in  Fig.  39,  lO,  Ul,  and  h2. 
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Fig.  73. 


•b) 

Additive  diffuser  drag. 

a  ~  the  dependence  of  additive  drag  Xd  upon  the  nass  flow  ratio  (j);  b  —  the 
dependence  of  Cd  upon  the  irass  flow  raoio, .  6  — ’  angle  determining  the  posi¬ 
tion  of  the  spike  in  relation  to  the  inlet  edge.  (see  Fig.  65,  b) 


On  the  basis  of  velocity  s  1,67,  vfe  find  the  parameters  of  the  air  bcliind  the  sec¬ 


ond  shock  tip  =  1.33,  Ji  «  1.655  ^ 

Pi 


*=•  1.152.  On  the  basis  of  velocity  IL, 

^1 


=  l*33f  we  find  tlic  naraneters  of  the  air  behind  the  t)iird  shock  wave 

P3  *  y.3  T3 

M3  *  1.13;  *  I.3I5  “  I.2I5  ^  *  1.08.  be  determine  the  parameters  which  have 

to  do  with  the  condition  of  the  free  stream  flow: 
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■^^=2,47. 1.65- !.31==5.35; 

P* 


ii 

h. 

Tn 


1.87- 1, 42- 1,21=3.21; 
1.32.1.iS81.08=rl.6S. 


The  mass  flow  ratio  is 


— F  /l,<>SiO;294=p,550. 


The  operation  of  a  ir;ulti»shock  wave  diffuser  vita  an  Off  design  point  tube 
exhaust  section  area .  The  Ipcatipn  pf  the;  tenniha?  nolTnal;  shock ‘T^ave^de^V-^ 
pends  on  the  area  of  the  exhaust  section  of  the  tube,  wriich  is  connected  to  the  dif- 
diffused  (see  ^9)»  At  a  certain  ’’design  point"  cross  section  area  of  the  ex¬ 
haust  opening  a  .normal  shock  wave  is  located  at  the  inlet  slot  (see  Fig.  69)  • 

If  the  exhaust  section  of  the  tube  is  greater  than  the  design  point  one: 

J^Srasch  7^)»  ^  norinal  shock  wave  does  not  form  in  the  tliroat  and  the  flow  re¬ 

mains  supersonic.  As  a  supersonic  flow  reaches  the  inlet  edge,  a  rarefaction  wave  is 
formed.  The  flow  in  the  divergent  portion  of  the  diffuser  vail  be  accelerated  and 
will  end  with  a  pov:erful  normal  shock  wave,  accompanied  hy  great  losses.  The  air 
flow  will  remain  constant  and  equal  to  the  maximum  possible  value: 


ci>a<ioi> 

Fig.  7U*  Schematics  of  shock  waves  which  appear  at  the  diffuser  inlet  at  off  design 
point  hydraulic  resistance. 

a  (p  «  1,  b  —  <p  *<1.  a)  normal  shoclc  wave. 

i 

The  air  pressure  in  front  of  the  exit  from  the  tube  vdll  be  such  as  required  in 
order  to  discharge  G  =  '‘n  ^n^l  exhaust  section  every  second  (see 

li.29). 


With  an  increase  of  the  area  of  the  exhaust  section  the  pressure  ahead  of 
the  exit  falls  and  the  recovery  factor  decreases. 

If  the  exhaust  section  becomes  less  than  the  design  point  value,  then  the  stag- 
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nation  pressure  ahead  of  the  exit  idil  be  almost  constant:  POcr  ca.  const. 

Pn 

The  air  flov;  through  the  d^fuser,  and,  consequently.,  the  mass  flov  ratio  vdll  be  de- 
■creas^g directly  proportional  to  the  exhaust  cross  section  area.  The  incidence  angles 
of  the  oblique  shock  waves  on  the  individual  diffuser  steps  vdll  renain  as  before. 

A  normal  shock  '.rave  idll  move  for.rard  from  the  throat  and  be  located  at  some  dis¬ 
tance  in  from  of  the  inlet,  decreasing  the  stirface  of  the  oblique  shodc  '.raves. 

(Fig.  76,  b).  A  portion  of  the  coumrcssed  subsonic  fLoir  from  the  space  behind  t’nc 
normal  shock  '//hich,  v/hen  ^  ^rasch  directed  into  the  diffuser  throat,  vrill 

no'iT  ila.r  past  the  throat  around  the  diffuser  along  its  sides.  The  mass  flovr  ratio  ^ 
decreases^  the  surface  exposed  to  the  action  of  the  pressure  which  has  grov/n  behind  a 
normal  shock  wave,  increases.  .  The  wave  drag  of  the  diffuser  augments  (Fig.  75)* 
The  location  of  the  terminal  shock  wave  becomes  unstable  and  diffuser  "buzsihg"  begins. 


Fig.  75*  A  photograph  of  the  shock  waves  which  appear  at  a  diffuser  inlet  when 

<f<l. 

The  off  design  point  characteristics  of  diffusers  are  usually  tested  experi¬ 
mentally,  by  flowing  air  at  small  diffuser  models  in  wind  tunnels.  The  directions 
of  the  oblique  shock  waves  depend  only  upon  the  Mach  number  or  upon  the  flow  rake 
angle  and  not  upon  the  absolute  dimensions  of  the  models j  therefore  the  results  of 
the  tests  performt=  •  on  small-scale  models  may  be  carried  over  to  full-scale  diffu¬ 
sers  with  only  a  small  correction  for  the  relative  value  of  the  throat,  since  the 
relative  thickness  of  the  boundary  layer  on  various  scale  models  is  not  siirdlar. 
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CHAPTEil  V 
JET  NOZZLES 

I 

The  compressed  gases «  -which  are  heated  in  a  combustion  chamber  or  in  a  heat  ex- 

i  changer,  are  exhausted  through  an  exhaust  nozzle.  In  the  exhaust  nozzle  the  gases' 

' 

pressure  falls  and  their  velocit;^ncreases .  The  gases,  vMch  are  exhausted  from  the 
nozzle,  act  on  the:  engine  with  the  force  of  their  reaction;  thereforej  exhaust 
nozzles  a,re  often  called  ^jet  nozzles .  In  a  jet  nozzle  the  enthalpy  of  the  gases  is 

t 

changed  to  the  kinetic  energy  of  the  flow. 

If  the  relative  pressure  drop  across  -thenozale  is  less  tlian  Cidticfil,  the 

t 

velocity  of  the  flav  from  the  nozzle  vdll  be  less  than  the  local  speed  of  sou.id. 

If  the  relative  pressure  drop  across  the  nozzle  is  greater  than  critical,  the 
velocity  of  the  gases  -which  are  exhausted  from  the  nozzle  may  become  greater  than  the 
local  speed  of  so\ind. 

In,  conformity  with.  the. jllsoh.3rgeryelocily,..toet\ti^  are  divided  into  sub¬ 

sonic  and  supersonic  types.  The  contours  of  subsonic  and  supersonic  nozzles  are  dif¬ 
ferent. 

In  order  to  pass  various  inputs  of  gas  at  a  given  temperature  and  pressure  or 
in  order  to  pass  a  given  gas  input  at  a  given  pressure  and  various  temperatures, 
the  cross  section  of  the  nozzle  must  have  a  variable  value.  Ihese  nozzles,  whose 
cross  section  may  be  changed,  are  called  -yariable-area  nozzles .  Some  makes  of  sub¬ 
sonic  variable-area  nozzles  exist,  A  series  of  supersonic  variable-area  jet  nozzles, 
suitable  for  exploitation,  have  been  proposed. 


SECTION  1,  THE  EQUATION  OF  A  FLOW  THROUGH  A  NOZZLE 


! 


Adiagram  of  a  nozzle  is  depicted  on  Fig.  76.  If  we  disregard  the  comparatively 
weak  heat  exchange  with  the  surrounding  medium,  then  the  stagnation  temperature,  and 
consequently,  the  critical  velocity  will  remain  constant;  Tq^  *  Tq^  *  const; 


r„  =  a,  =  const. 


(5.1) 
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The  absolute  and  relative  velocity  of  the  gas,  which  rcoves  through  the  nozzle 

increases* 


The  flow  velocity  in  the  narrowest  "critical"  section  of  the  nozzle  as 
shown  in  Chapter  11,  section  7,  may  not  beconie  higher  than  the  local  speed  of  sound 
>!hen  i^i^hljcr^g  Sas  flow  through  the  nozzle  reaches  maxiinum  value  • 


Fig,  76.  Jet  nozzles*  a  —  supersonic,  b  —  subsonic,  c  —  a  photograph  of  a 

supersonic  stream,  e:chausting  from  a  nozzle* 


The  relative  velocity  of  the  flow  in  any  nozzle  section  is  determined  by  the 

•i>®i  , 

local  ratio  of  total  pressure  to  static  pressture  (see  2*72)* 

The  absolute  velocity  in  a  given  section  .  according  to  (2.67)  and  (^.2): 

'■  J-  ' 

The  gas  flow  throi^h  a  given  section  in  conlhi£ftnee:>wltlii.i2,^^4Jc- 

.  g  .  r-Tg  (5.W 

After  writing  down  the  flow  equations  for  any  two  sections  and  Sj,  we  find 


a  connection  between  the  velocities  and  the  sections: 

*  Si  poj90  j)  . 


(5.5) 


Sf  Pot  ^(^/) 

During  a  discharge  without  losses,  the  flow’s  total  pressure  does  not  vary: 

Pof=Poi-poi=*:om\. 

The  section,  in  which  the  velocity  reaches  a  sonic  value:  ■  1,  is  called 

the  "critical"  /throat7  secti  on 
SECTION  2,  SUBSONIC  AND  SUPERSOOTC  NOZZLES 


If  the  pressure  drop  across  the  nozzle  is  greater  than  critical: 
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then  t!ie  velocity  in  the  narrowest  section  of  the  nozzle  reaches  sonic  value:  cr  “ 
During  this,  the  gas  dynamic  function  is 


VJe  find  the  flow  through  the  throat  section  by  using  (5.U) 


G~\/  I  ^  \*‘'*  g* 

y  U+i;  R  v'ni 


(5.7) 


The  stagnation  pressure  in  the  throat  section  decreases>  but  remains  higher  than 
that  of  the  atmosphere: 

«  A  1 

(5.8) 


The  surplus  pressure  may  be  used  for  accelerating  the  gas  to  supersonic  velo¬ 
city  in  the  expanded  portion  of  the  nozzle  (Fig.  76,  a),  called  the  supersonic  por¬ 
tion.  Supersonic  nozzles  were  suggested  at  the  end  of  the  last  century  by  the 
Swedish  engineer  Laval  and  carry  his  n^e. 

The  ratio  of  any  section  of  a  Laval  nozzle  to  the  critical  section  may  be 
found  from  (5*5)>  noting  that  when  Sj  » 


Si 


I 


t-i 


(5.9) 


Substituting  in  place  of  its  value  from  (5.2),  we  find  the  connection  be- 

Si 

tween  the  ratio  of  nozzle  section  —  and  the  relative  pressure  ratio 


PQi: 

TT 


_  U~tl/  \Pl  ) 

'  Sw  / — r - *Hr~ 

^  m 


(5.10) 


The  exhaust  area  ratio  of  a  Laval  nozzle,  necessary  for  the.  total. utilisation  of 
■ihe  overall  pressure  drop,  is  determined  from  the  last  equation  by.  replacing  the  ratio 

by  the  ratio  ^^3. 

Pi  PiT 

P03 

With  an  increase  of  the  overall  pressure  ratio  -pj—  the  relative  nozzle  expansion, 
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necessary  for  .the  total  effect  of  the  pressure  ratio,  increases  (Fig.  77).  The 
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Fig.  77. 


W-.  '  VJ||  WliC  XCXauXVC  pX  t^ODUI  C  J 

n  (X)  -  on  the  degree  of  expansion  of  an  ideal  nozzle  *  ^1;  .. 
POU  ‘  ^  g~ 

cr 


necessary  degree  of  nozzle  expansion  8  depends  also  on  the  parameter  k  «  Thus, 
vhen  k  ■  1.1*  and  when  ^  *  20:  8  «  *  1.67;  and  with  the  same  pressure 

ratio,  but  k  being  equal  to  1.2:  S  »  3.6  andXi^  *  2.07.  Vihen  the  area  ratio  is 
computed  to  be  S|^  »  the  pressure  at  the  nozzle  exhaust  is  equal  to  that  of  the 

atmosphere:  p|^  ■ 

If  the  overall  pressure  ratio  is  less  than  critical: 


* 


.  ■  (S-ll) 

then  the  velocity  in  the  narrowest  nozzle  section  does  not  attain  a  sonic  value 

'Xu  supplies  a  nozzle  with  an  expanded  portion,  then  not  an  increase  but 


a  decrease  of  the  velocity  will  occur  in  it,  and  the  reaction  of  the  exhausting  gases 
will  diminish.  Subsonic  nozzles  do  not  require  an  expanding  portion  (see  Fig.  76,  b). 
During  a  sub-critical  discharge,  the  pressure  at  the  nozzle  exhaust  is  equal  to  the 
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pressure  of  the  surrounding  medium ;  Pn* 

^  A  flow  of  gas  through  an  actual  nozzle  is  accompanied  by  losses  from  friction 
and  shocks.  Because  of  these,  the  energy  is  dissipated.  The  stagnation  pressure 
during  an  irreversible  discharge  is  decreased,  and  the  discharge  velocity  will  be 
less  than  during  a  flow  without  losses. 


i  SECTION  3.  ENERGY  DISSIPATION  AND  LOSSES  DURING  DISCHARGE  FROM  A  NOZZLE 

5 

!  The  flow  of  heated  gases  through  an  actual  nozzle  is  accompanied  by  the  partial 

dissipation  of. kinetic  energy  and  heat  losses  through  the  v/alls.  The  dissipation  of 
energy  is  accompanied  by  a  decrease  of  the  flow's  stagnation  pressure  and  an  increase 
of  the  gas  entropy.  .S. 


I 


We  denote  the  overall  relative  stagnation  pressure  ratio  accompanying  the  dis- 

P03 

charge  from  the  nozzle  by  pjp* 

The  discharge  velocity  from,  an  ideal  nozzle  is  expressed  by  the  equation 


r 

• 

t-~v 

y/  7g>RToi 

\P 

* 

f  *-■ 

03/ 

(5.12) 


The  discharge  velocity  from  a  real  nozzle,  ovdng  to  the  dissipation  of  energy 
and  thermal  losses,  will  have  a  lesser  value  W|^: 


/ 

*-i-i 

y 

'£l)‘ 

JfOil 

(5.13) 

idiere  is  the  stagnation  pressure  at  the  nozzle  exhaust: 

(5.1U) 

(fg  is  the  nozzle  pressure  coefficient; 

*1^5  is  the  enthalpy  conservation  factor  during  a  flow  through  a  nozzle. 

If  the  thermal  losses  through  the  walls  are  absent,  7^  *  1. 

O 

The  dissipated  kinetic  energy  during  the  absence  of  losses  through  the  v/alls  is 
equal  to  the  difference  of 


hE, 


•'4 


«IK 


2g 


(5.15) 


The  increase  in  entropy  is  equal  to  the  dissipated  energy  divided  by  the  tem¬ 
perature  : 
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As=A 


(5.16) 


Substituting  (5.12)  and  (5*13)  in  (5 .16),  ve  obtain 

ini 

*#3'“ B8  /  \  *  /«  1  \  /  •  J 


A$= 


_ 

u  V/ 


1 


k-t 

-  * 


k—l 

-  * 


(5.17) 


With  a  decrease  of  the  nozzle  pressure  coefficient  C  ,  the  increase  of  entropy 
of  the  exhausting  gases  becomes  greater. 

The  process  of  the  dissipation  of  energy  occurs  in  the  subsonic  and  supersonic 
portions  of  the  nozzle.  To  compute  the  gas  flow  G,  the  nozzle  pressure  coefficient 
must  be  properly  divided  into  a  pressure  coefficient  for  the  subsonic  portion  O’*,  and 


that  for  the  supersonic  portion  Ci": 

.  AMicp 


Pn 


.  = 


Pm 


PMk? 


:  (5.18) 

<  "eV 

The  pressure  coefficient  of  a  well  designed  subsonic  portion  of  a  nozzle  is 

usually  high:  O  ’  *  0.97  to  0.99.  The  pressure  coefficient  of  the  supersonic  por- 

8 

tion  decreases  with  an  increase  in  the  relative  discharge  velocity  because  of  the 
growth  of  the  losses  in  the  formation  of  shock  waves  and  vortexes,  and  because  of 
friction  of  the  supersonic  flow  along  the  walls.  The  pressure  coefficients  of  super¬ 
sonic  nozzles  are  determined  by  means  of  tests . 

The  losses  in  nozzles  may  also  be  expressed  with  the  aid  of  the  velocity  co¬ 
efficient 


(5.19) 

The  dependence  between  the  velocity  coefficient  and  the  pressure  coefficient 

^  g  ■  f(  CJg)  in  the  absence  of  thermal  losses  (Its  «  1),  is  depicted  in  Fig.  78.  For 

P03 

large  overall  pressure  ratios  i.e.,  for  large  relative  discharge  velocities; 
^|^^1.5,  the  1  .'ge  changes  in  ffg  are  accompanied  by  small  changes  in 

The- flow  through  the  nozzle  conformance  with  (2.714)7,  depends  on  the  pressure 


UiO 
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coefficient  of  the  subsonic  -portion 

j  S1T~ 


-/t 


i±l 

J  2  \*~*  gk  •c^03^4«p 

l*+l/  ^  /7^  * 


The  calculated  degree  of  nozzle  expansion  o.  »  = - ,  in  conformance  vith  {$*7), 

^  ^licr 

depends  on  the  total  pressure  coefficient  01 

s 


s 

1 


/  2 

_  54 

_U+i/ 

'»4«»  F9t  •cV  1*4; 

The  discharge  velocity  for  a  given  pressure  ratio  also  depends  on  0"  ; 


r 

it~i— 

mj- 

■{  ‘ 

Wpm }  J 

(5.21) 


Substituting  (5.21)  in  ($.20),  we  find  the 


_  _ _ _  _ 


lai 
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sion  vith  the  overall  pressure  ratio  and  coefficient  6  of  an  actual  supersonic 


nozzle 


(5.22) 


Vith  a  decrease  in  the  pressure  recovery  coefficient  the  calculated  value 
of  the  exhaust  cross  section  area  ratio  increases,  since  the  discharge  velocity  di¬ 
minishes.  The  pressure  remains  equal  to  the  atmosphere,  the  static  temperature  in¬ 
creases  insignificantly  because  of  the  decrease  of  velocity,  and  the  static  density 
decreases  because,  of  the  increase  of  teniperatui'e . 

The  thrust  of  the  exhausting  gases  varies  with  the  degree  of  nozzle  expansion 
and  With  the  pressure  coefficient. 


SECTION  ii.  THE  IWPUI5E  OF  GASES  EXHAUSTING  FROM  A  NOZZLE.  IKPULSE  LOSS  FACTOR 
The  impulse  of  the  gases,  which  are  exhausted  from  a  nozzle,  in  conformance 


with  (2.76)  is  equal  to 


(5.23) 


After  making  Kiselev’s  transformation,  we  express  the  impulse  of  the  gases  by 


the  relative  discharge  velocity  ^ee  (2»8l)7: 


(5.2U) 


Here  and  later  the  index  "g'*  stands  for  the  value  belonging  to  the  "hot"  end  of 


the  engine. 


The  critical  velocity  of  the  discharge  gases  a  is  equal  to 


<5.25) 

The  gas  flow  through  the  nozzle’s  critical  section  in  accordance  with 


(2.7U)  will  be 


”•-/ fciir  'i 


VTi 


(5.26) 


The  critical  discharge  velocity  is  directly  proportional  to  the  square  root  of 
:the  atagt^ation  temperature  of  gases  jmd  their  flow  is  inversely  proportional  to  this 
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$ 

,<juantitr  Therefore,  the  gas  impulse  does  not  depend  on  these  temperatures: 

The  impulse  of  the  'discharge  gases  is  proportional  to  the  product  of  the  stag¬ 
nation  pressure  in  the  critical  section  ^he  area  of  the  critical  section 

and  the  gas  dynamic  function 


*w=^4+-^.. 


P03 


Vith  an  increase  in  pressure  ratio  across  the  nozzle  the  computed  degree 

%  PO^  ^ 

of  nozzle  expansion  6  =  =  ^^P^^  increases  in  accordance  vdth  equation 

(5»22)j  and  the  relative  discharge  velocity  together  vdth  the  gas  dynandc  func¬ 
tion  z(A.||)  impulse  of  the  gases,  increases. 

« 

We  find  the  critical  impulse  by  substituting^]^  =  1  in  (5*27): 

(5.28) 


The  impulse  coefficient  for  the  expanding  section  of  a  Laval  nozzle  is 
equal  to  (see  2.86)  .  < 

f^4  _r(X4)  ^  ^ 

:  *■  (5.2?) 

The  actual  magnitude  of  the  impulse  during  the  use  of  an  expanded  nozzle  is  less 
than  tfiB  calculated  value.  The  impulse  losses  are  attributed  to  the  fact  that  the 
streams  of  gas  nhich  discharge  from  a  conical  nozzle  are  not  parallel  to  one  anothc  . 
The  gas  streams  nhich  are  adjacent  to  the  axis  are  parallel  to  the  axisj  those  stream 
•which  are  dose  to  -Uie  vralls  are  parallel  to  the  v/alls  (Fig.  79).  The  reaction  force 
is  only  caused  bj’’  the  normal  iimrulse  comnonents.v/j^G^cos  since  the  tangential  com¬ 
ponents  Tr^Gj^sin  counterbalance  one  another  (see  ^ig,  79 )•  The  average  value  of  the 
momentum  of  the  discharge  gases  (^]|^]^)gj.  is  proportional  to  the  average  value  of  cos  a^ 
for  the  entire  nozzle  exhaust  section.  In  the  first  approximation  one  may  accept 

1+cos-^’ 

- - - . ,  (5.30) 


The  impulse  lasses  during  the  discharge  from  a  nozzle  are  usually  determined  by 
means  of  experiments,  by  directly  m.easuring  the  reaction  force  of  the  gases  discharg¬ 
ing  from  the  nozzle. 


Ih3 
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Fig.  79.  The  discharge  from  a  nozzle. 

a  —  the  strean;  lines  at  the  exhaust  of  a  conical  Laval  nozzle  are  not 
parallel  to  one  another,  b  ~  the  stream  lines  at  the  exhaust  cf  a  Frankl 
nozzle  are  parallel  to  one  another. 


The  reaction  force  of  the  gases  acting  on  the  nozzle  during  discharge  into  the 


atmosphere,  is  equal  to  the  impulse  per  second  of  the  effluxing  gases  minus  the  force 

of  the  atmospheric  pressiire  on  the  shell  J'  i.e.,  equal  to  the  net  im- 

S 


^l4izb- 


F^—P |— />gS’4  > 


.O4W4 


The  calculated  value  of  the  net  impulse  during  the  total  expansion  of  the  gases 

P03 

to  the  back  pressure  p|^  «  p^  depends  on  the  overall  pressure  drop  pjp 

^  (5.31) 


In  practice,  the  measured  reaction  force  of  the  gases  is  less  than  the  calcu- 

i.ted  net  impulse:  (J'ldsbVasch* 

The  difference  between  the  calculated  net  imoulse  (Fi  .  ,  and  the  measured 

Uizg  rasch 

reaction  force  is  called  the  impulse  loss  Af; 

(F4m<)>m<I — ^4ii36v  (5»32) 

The  ratio  of  the  impulse  loss  i\F  to  the  calculated  net  impulse  (^i^b^rasch 
called  the  impulse  loss  factor  ^  : 

’  J _ AF  _ J _ ^4M< 

(^4u4)(wc<«  (^4M<)p*e>i  (5.33^ 

The  impulse  loss  factor  is  determined  by  the  nozzle  configuration,  degree  of 
expansion  6,  quality  of  the  machining  of  the  internal  surface,  nozzle  expansion  angle 
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0(g  and  thermal  losses  through  the  vails. 

Ve  vill  introduce  the  concept  of  the  effective  pressure  coefficient  CT  for 

hi 

vhicn  the  net  impulse  of  the  nozzle,  operating  vith  complete  expansion  p|^  *=  p^^,  is 
equal  to  the  measured  impulse, 

The  effective  pressure  coefficient  is  uniquely  connected  to  the  impulse  loss 
factor; 

^4ta6  I  _  _ j  _  ^4  . 

G4flf4p»c% 


(5.3U) 


The  relationship  between  the  effective  pressure  factor  of  the  nozzle  and  the 

impulse  loss  factor  is,  depicted  on  Figure  80.  From  this  graph  we  see  that,  for  ex- 
P03  , 

ample,  when  *  hO  an  impulse  loss  of  1%  corresponds  approximately  to  a  pressure 
loss  of  12% * 

The  internal  nozzle  outlines  should  have  such  a  contour  that  the  impulse  loss 
factor  has  the  least  value.  The  impulse  loss  factor  of  finely  manufactured  and  con¬ 
toured  supersonic  nozzles  usually  does  not  exceed  2%» 


lh$ 
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SECTION  5.  NOZZLE  OPERATION  DURING  0?F-DSSIGN  POINT  CONDITIONS 

^  The  relative  pressure  ratio  of  the  gases  in  an  expanding  nozzle  TT  •  522  and  the 

S 

relative  discharge  velocity depend  on  the  degree  of  nozzle  expansion  S  *  ^ 

®l*cr 

and  on  Poisson's  index  kg  (see  5«10).  The  relative  velocity  depends  on  the  teir.pera- 
tu—  of  the  gases  T|^  only  as  much  as  the  temperature  depends  on  the  value  of  kg  (see 
Figure  86,  b). 

The  pressure  ratio  across  a  nozzle  having  a  constant  degree  of  expansion 
^  ^  »  const  when  k  •=  const  is  constant:  7C  ■  *=  const  and  the  relative  dis¬ 

charge  velocity  is  also  constant:^,^^^- const. 

The  degree  of  e^qpansion  of  an  actual  supersonic  jet  nozzle  having  fixed  cross  sec¬ 
tions  is  set  and  cannot  change  during  variations  of  fliglit  conditions  or  of  combustion  ,, 
Ohanfer  operating  conditions.  Therefore,  the  relative  pressure  ratio  across  a  fixed 

geometry  supersonic  nozzleTT  and  the  relative  velocity  are  constant  (if  k  »  const). 

^  P03 

The  pressure  ratio  to.  free  stream  -r —  may  not  be  equal  to  the  pressure  ratio 

•io  the  exitTr-  3teee  ««aUy  PU  f  P„. 

If  the  pressure  ratio  to  free  stream  j^P-3  is  greater  than  the  pressure  ratio  to 

^n 


the  exit 


H  P4 


then  the  nozzle  operates  with  underexpansion  (Figure  8la).  In  this  case  the  pressure 
at  the  nozzle  exit  p|^  is  greater  than  the  back  pressure:  P|^>Pjj,  and  the  stream 
lines  at  the  nozzle  outlet  suddenly  widen. 


exit 


If  the  pressure  ratio  to  free  stream  is  equal  to  the  pressure  ratio  to  the 


Pm  Pi 


then  the  nozzle  operates  at  the  design  condition,  the  pressure  at  the  exit  is  equal 
to  the  back  pressure:  PI4  ■  p^^,  and  the  relative  discharge  velocity  remains  constant 
"  f(€  )  “  const. 


If  the  pressure  ratio  to  free  stream  is  less  than  the  pressure  ratio  to  the 


exit 


V.TQ-OVl..**  A' 


H  /4 


then  the  nozzle  operates  with  overexpansion  and  the  pressure  at  the  exit  will  be  less 
than  the  back  pressure:  p|^<p^. 


T“ 


5. 


Legend: 

A)  shock  waves 

B)  point  of  stream 
disruption 


Fig.  8l.  Nozzle  operation  at  off-design  point  pressure  ratio. 

PS  D  S 

a  -  -~^>f  {Ji _ )j  b  -  <  f  (_ii _ );  c  -  expansion  diagram 

^  P  S|^cr 


'n 


Separation  of  the  supersonic  flow  from  the  nozzle  walls  may  occur  during  large 
overexpansion  (see  Figure  8lb  and  c).  The  supersonic  flow,  separating  from  ti.e  walls 
and  interacting  with  the  surrounding  gases,  suddenly  loses  velocity.  A  system  of 
oblique  shock  waves  appears  in  the  nozzle,  as  a  result  of  which  the  pressure  grows 
and  the  velocity  falls.  The  thrust  of  the  gases  during  operation  with  overexpansion 
diminishes  (Figure  82).  Therefore,  when  designing  supersonic  nozzles  a  degree  of  ex¬ 
pansion  is  chosen  so  that  through  the  entire  range  of  engine  operation  the  nozzle 
works  either  at  rated  conditions  or  with  underexpansion.  If  the  pressure  at  the 
nozzle  exit  is  greater  than  the  pressure  of  the  surrounding  medium;  P[j>Pni 
discharge  velocity  will  be  less  than  the  maximum  possible  value;  "X  li<i?^Tasch* 
thrust  of  the  discharge  gases  F|^  will  be  less  than  calculated;  P^rasch* 


lU? 
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(5.31*) 


<tr^)  ^•*s(^<»”+5i;7)- 


Fig,  82,  The  dependence  of  the  relative  variation  of  the  gases’  jet  force  upon  the 
relative  variation  of  the  pressure  ratio. 

The  relative  decrease  of  the  jet  forces  of  the  discharge  gases  owing  to  underexpan¬ 
sion  is  . 


1 


1 


■(5.35) 


If,  for  example,  ■  2,  and  -  1.5,  then 


2+-L 


With  an  increase  in  ,the  nozzle  exhaust  cross  section  S|^  the  drag  due  to  atmos¬ 
pheric  pressure  acting  on  the  engine  shell  increases  because  of  the  increase 

.of  the  difference  of  the  cross  sections  S.-S  .  Therefore,  the  jet  thrust  of  the 

4  n 

engine  diminishes  "with  an  increase  in  overexpansion  (see  2,76) j  (2,77)  and  (2.78). 

R^Ftr~Fi — p»{Si — S,).  (5»36) 

e 

At  lean  fuel/air  ratios,  the  stagnation  pressure  ahead  of  a  supersonic  ramjet 
nozzle  decreases  (see  Chapter  IX),  In  the  design  of  nozzles,  the  degree  of  expan¬ 
sion  is  chosen  in  conformance  with  the  lowest  operating  pressure  in  the  combustion 
chamber.  Variable  area  nozzles  may  allow  a  substantial  improvement  of  the  para¬ 
meters  of  a  wide  operating  range  supersonic  ramjet  engine  intended  for  flight  with 
variable  velocities  and,  consequently,  with  variable  pressures 

Pn 
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SECTION  6.  VARIABLE  AREA  NOZZLES 

The  most  simple  means  of  regulating  the  cross  section  of  convergent  nozzles 
consists  of  using  a  movable  cone  or  "bullet".  (Variable  area  nozzles  with  movable 
bullets  are  used  in  turbo-jet  engines.  Figure  83a).  When  the  bullet  shifts  in  the 
direction~of  the  diffuser,  the  nozzle  cross  sect, ion  increases.  canV  l|K*P>*inclple, 
profile  the  outside  walls  of  a  nozzle  and  the  outlines  of  the  bullet  as  to  form 
an  expanding  duct  between  the  walls  and  the  tapering  bullet.  Kov;ever,  endeavors  to 
construct  supersonic  nozzles  with  variable  area  bullets,  which  v:ould  operate  without 
streaiT;  disruption  or  shock  wave  formation  and  would  give  the  calculated  thrusts  have 
not  been  successful. 

To  simplify. the  control  problems,  sometimes  axisymmetrical  nozzles  are  aban¬ 
doned-,  and  two-dimensional  nozzles  are  used  (Figure  83,  b  and  c). 

A  nozzle  with  movable  sides  (Figure  83b)  consists  of  two  flat  sides,  hinged  to 
which  are  movable  rigid  contoured  sides.  As  the  contoured  sides  vary  position,  it  is 
impossible  to  maintain  parallel  stream  lines  at  the  nozzle  exit  through  the  entire 
variable  range.  Due  to  this  the  thrust  proves  to  be  less  than  calculated. 

Nozzles  with  flexible  sides  (Figure  83c)  consist  of  two  flat  rigid  sides  and 
two  flexible  sides  made  from  resilient  steel  sheets.  Under  the  pressure  of  shaped 
cams,  the  flexible  walls  bend  and  change  the  area  of  the  critical  section,  and  conse¬ 
quently,  the  degree  of  nozzle  expansion. 

Nozzles  with  flexible  sides  are  used  in  variable  area  supersonic  wind  tunnels. 
The  difficulties  in  selecting  materials,  vdiich  are  able  to  maintain  their  resilient 
qualities  at  the  operating  temperatures  of  ramjet  engines,  limit  the  usage  of 
nozzles  with  flexible  sides. 

SECTION  7.  NOZZLE  COLOURING  AND  DESIGNING 

The  internal  contours  of  the  nozzles  are  designed,  in  conformance  with  theore¬ 
tical  principles  supported  by  numerous  experiments,  so  as  to  make  uniform  the  velocity 
profile  at  the  nozzle  exit,  to  form  the  flow  stream  lines  into  parallel  paths,  and  to 
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Fig.  83.  Plans  of  variable  area  nozzles. 

m  —  nozzle  idth  variable  area  bullet;  b 
c  —  nozzle  with  flexible  sides. 


—  nozzle  with  movable  sides; 


prevent  the  flow  from  separating  from  the  walls. 

The  subsonic  portion  of  a  nozzle  is  constructed  according  to  Vitoshinskiy' s 

formula 


where  djj  is  the  initial  cross  section; 

is  the  diameter  at  x  distance  from  the  initial  cross  section; 

d--  is  the  diameter  of  the  critical  section; 
t  is  the  nozzle  length. 

The  profiling  of  a  nozzle  according  to  Vitoshinskiy* s  formula  ensures  the  max 
mum  possible  uniformity  of  the  velocity  profile  at  the  exit  of  a  convergent  subsoni 
nozzle  and  the  maximum  possible  parallelism  of  the  streamlines. 

The  supersonic  portion  of  a  nozzle  is  constructed  according  to  a  graphic-anal 
ic  method,  worked  out  by  the  Soviet  scientist  F.  I.'l^ankel.  FroakAi’s  Buperflbni< 
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nozzles  possess  fine  velocity  profiles  at  the  exit  and  have  parallel  supersonic  flow. 
However^  these  nozzles  arc  long  and  therefore  primarily  used  in  wind  tunnels.  Nozzles 
for  jet  engines  are  made  much  shorter  and  use  flat  surface  elements  to  form  the  in¬ 
ternal  contour. 


L' j^rtion  of ••  ti*  ifozzld,  .the  .^personic.  'Veib^:  ’ ;  V 
ity  profile  at  the  outlet  appears  to  be  uniform  with  stream  lines  parallel  to  the 
axis  (see  Fig.  19,  b).  In  this  case  s^l. 

To  design  a  nozzle  it  is  necessary  to  know  the  ambient  pressure  Pjj,  the  stagna¬ 
tion  pressure  ahead  of  the  nozzle  Pq^,  the  stagnation  temperature  Tq^,  and  the  gas 
weight  flow  rate  through  the  nozzle  G. 

The  throat  section  of  the  nozzle  is  determined  from  the  formula  (^.26) 


(^.38) 


iriiere  <S^  is  the  pressure  coefficient  of  the  subsonic  portion  of  the  nozzle.  In 
actual  nozzles j  vrfien  the  internal  walls  are  finely  machined,  the  losses  in  the  sub¬ 
sonic  portion  are  small:  0.98<  <0.99. 

8 

The  temperature  of  the  discharge  gases  T^  is 

The  relative  velocity  at  the  nozzle  outlet  in  accordance  with  the  formula 
(5*21)  is  equal  to 


'■-/ :-s[-(irV  ' 


iS.ho) 


.  We  ejqpress  the  degree  of  nozzle  expansion  £  in  terms  of  the  calcidated  pressure 
ratio  TT  across  the  nozzle  G  «  f (7f )  according  to  formula  (9*22)  cv  by  the  graph 
depicted  in  Figure  77. 

After  defining  the  diameters  of  the  throat  and  exit  cross  sections  and  S|^, 
we  design  the  contour  of  ilie  supersonic  portion. 

The  inlet  ciiameter  of  the  subsonic  portion  of  the  nozzle  d^  is  equal  to  the  dia¬ 
meter  of  the  combustion  chamber:  d^  ■  '  " 

We  design  the  contour  of  the  subsonic  portion  according  to  Vitoshinskiy' s 


formula 


Example  of  the  Calculation.  Design  a  nozzle  vith  the  following  data: 

-  2100®  K;  •  100  kg/esc  j  Pq^  •  3  kg/cm^ 
jP|^  ■  60  mm  of  mercury  col.  <5^  “  0.96;  ■  0.99 

cr.v-  0.95;  \  -  Gl  (J"  -  0.91 

Poisson’s  index  and  the  gas  constant:  k  »  1.25;  Rg  ■  30  kg  in/kg  deg. 

The  factor  of  B  in  the  flow  formula  (2.53)*  according  to  table  2.1  is:  B 
0.38.  From  this  is  derived  the  nozzle  throat  section: 


100/2109 


The  diameter  of  the  throat  section  d|^Qj,  ■  738  mm. 

The  pressure  ratio  across  the  nozzle  is 

p»  3.735  • 

— ~-36,8. 

■  #4  » 

The  temperatiire  ratio  to  the  exit  is 

.  Ta  t  Pa  1  1 


’  •  «.  «. - - r. - - >.0.416. 

U/te)  •  . 

. . (*t«)  *  r  '  - 

The  temperature  of  the  discharge  gases  ‘f|^  •  872®  K. 

The  relative  velocity  at  the  exit,  in  accordance  with  (5»1|0)  (see  also  Fig.  77] 


r—M 

\r  • 


*-1-7 


The  gas  dvnamic  function  (see  also  Fig.  207)  is: 

The  degree  of  nozzle  e3q)an8ion,  in  accordance  with  (5.20)  is 

^  -  JL  — _  - 

.  '  ./  2  \*~i.  ; 


T 


+  tf  _  0,625? 
•rfW  “otoiotoez' 


The  diameter  of  the  exit  cross  section  is 

t  738/ 10.2 -2360  mm. 

The  critical  velocity,  in  accordance  with  (2.51i)  is 

.  .  _i  :  ,  / .  y  19,6.1,25.30  2100  ^ 

.  :*-y  ir+f- y  —1^ - mm/sec.  - 

The  thrust  of  the  exhaust  gases  (see  5.21:)  is 

•  ~/-  +  l  A  .  1  \  '  2;25-820.100  / _  I  \  .  ' 
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CHAPTER  VI 


BASIC  PRINCIPLES  OF  MOLECULAR  FUELS  USED  IN  A  RAMJET  ENGINE, 

AND  THEIR  COMBUSTION 

Ramjet  engines  may  utilize  the  energy  of  atomic  fuels  or  the  energy  of  molecu¬ 
lar  (chemical)  fuels  vhich  is  released  during  combustion  with  air*  Only  several 
forms  of  fuel,  which  possess  definite  combinations  of  piysical-chemical  properties, 
are  used  in  ramjet  engines* 

This  chapter  will  show  what  qualities  these  fuels  must  have  to  be  suitable  for 
ramjet  engines,  and  will  cite  basic  data  on  the  combustion  of  fuel-air  mixtures. 


SECTION  1*  THE  PHISICO-CHHiECAL  PARAMETERS  OF  RAMJET  ENGINE  FUELS 

Ramjet  engines  create  the  thrust  that  is  necessary  to  propel  aircraft*  Solid 
fuel  and  liquid  fuel  rockets  with  the  same  mid-section  area  and  with  the  same  vei^t 
are  capable  of  developing  greater  thrust*  In  the  ratio  of  frontal  and  weight  thrust 

A  It  e  i 

Hy  ■  w  and  Kp  *  p,  ramjet  engines  are  inferior  to  rocket  engines  *  The  advantage  of 
a  ramjet  engine  in  comparison  to  a  rocket  is  in  the  considerably  less  specific  con¬ 
sumption  of  fuel,  or,  alternately,  the  significantly  greater  specific  thrust  /sic/* 

The  specific  thrust  and  the  thrust  coefficient  of  a  ramjet  engine  vary  with 
change  in  the  composition  of  the  fuel  mixture* 

The  marlraum  value  of  the  thrust  coefficient  Cj^  or  the  specific  thrust  I  depends 
on  the  nature  of  the  fuel  used* 

In  Chapter  III  the  equation  of  the  specific  thrust  of  an  ideal  ramjet  engine 


was  found: 


Or  g 


The  general  efficiency  coefficient  is 

■ 


(6*1) 


(6*2) 


Translator's  Note:  Should  be  "specific  impulse"* 
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Consequently, 


Awt 

The  temperature  ratio  during  operation  vith  a  molecular  fuel  is 

^ — . 


(6.3) 


(6.1i) 


At  a  given  velocity  and  flight  altitude  the  temperature  ratio  6  is  determined 
by  the  excess  air  coefficient  0(,  The  correct  mixture  ratio  for  any  fuel  vould  pro¬ 
duce  a  given  temperature  ratio  so  that  the  overall  efficiency  7^  vould  be  a  maximum 
(of  course,  if  the  required  temperature  ratio  is  not  too  greatt  0  <  c<>l). 

For  a  given  temperature  ratio  0  ,  the  overall  efficiency  of  a  ramjet  engine 
does  not  depend  on  the  nature  of  the  fuel. 

The  specific  thrust  at  constant  efficiency  is  directly  proportional  to  the 
lover  heating  value  of  the  fuel.  The  greatest  value  of  overall  efficiency,  as  we 
will  see  further  on  (Chapter  XI ),  depends  only  upon  the  losses  in  the  engine  and 
for  practical  purposes  does  not  depend  on  the  nature  of  the  fuel.  Therefore  ramjet 
engines  are  capable  of  producing  the  highest  specif ic  thrust  vtien  operating  on  a  fuel[ 
ihe'idghest 

The  thrust  coefficient  of  an  ideal  ramjet  engine  is 

'  -77f)-  (6.5) 

A  ramjet  engine,  operating  on  a  fuel  capable  of  insuring  the  greatest  tempera¬ 
ture  ratio  of  the  gases  6  ,  will  posses  maximum  thrust  coefficient . 

At  a  given  velocity  w^j  and  flight  altitude  H,  the  temperature  ratio  reaches  a 
maximum,  if  the  excess  air  coefficient  is  equal  to  one:  c<  »  i, 

+  1. 


M. 


■u 


(6.6) 


The  amount  of  heat,  which  accompanies  1  kg  of  combustion  products  formed  by  a 

stoichiometric  composition  of  the  mixture,  is  called  the  calorific  value  of  the  fuel 

W:  X^woz-Hl. 

*  +  ^  (6.7) 

A  ramjet  engine,  which  uses  the  greatest  heat-producing  mixture,  is  capable  of 

producing  the  highest  thrust  coefficient. 
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In  those  cases  where  the  highest  thrust  coefficient  c^  is  required,  a  fuel  with 
the  highest  calorific  value  W  is  used.  Khen  the  greatest  economy  is  desired,  i.e., 
the  highest  specific  thrust,  a  fuel  having  a  hi^  heating  value  is  used. 

Along  with  the  heating  value  and  calorific  value  the  suitability  of  a  fuel  is 
detemined  by  its  density  and  boiling  point. 

Ve  will  consider  the  influence  of  the  fuel's  density.  We  will  assume  that  the 


weight  of  a  winged  irdssle,  irtiich  uses  various  fuels,  remains  constant:  ■  const. 

In  this  case  the  wing  area  and  the  vdng's  aerodynamic  drag  wj.ll  be  constants;  S.„  ® 


const 


where  is  the  aerodynamic  qu^ity  of  the  wing 


(6.8) 


Fig.  Plans  of  winged  missiles.  With  an  increase  of  the  density  of  the  fuel 

r«»  which  is  poured  into  the  tanks,  the  calculated  dimensions  of  winged 
long-range  missiles  decrease. 

(Pp^l  •  const).  Legend* 

«  ~  y"  -  0.07  T/m3j  A)  Uquid 

b  —  “  0.8  T/m3  hyirogen 

^  B)  kerosene 

The  weight  of  the  fuel  comprises  a  considerable  portion  of  the  ttdce-off  weight; 
Pg  ■' VPpoj.  With  an  increase  of  the  fuel's  density  the  volume  of  the  fuel 
tanks  (which  usually  occupies  the  greater  portion  of  the  fuselage)  and  the  necessary 


area  of  the  fuselage  rdd-section  vail  be  decreased.  Together  vdth  tills  decrease, 
the  weight  of  the  tanks  will  be  less  (Figure  81i), 

The  frontal  drag  and  the  required  thrust  R  decrease 

(6,9) 

"•p 

where  and  X^  are  the  aerodynamic  drags  of  the  wing  and  fuselage. 

The  aerodynamic  quality  of  all  aircraft,  with  an  increase  of  fuel  density,  will 
grow  until  the  fuel  tanks  become  so  small  that  they  may  be  inserted  into  the  thick¬ 
ness  of  the  vriLng,  then  the  aerodynamic  quality  of  the  entire  aircraft  approaches  the 
maxirura  possible.  Also  the’ircight  of  the  tanks*  casing  becomes  smaller,  but  the 
relative  amount  of  fuel  stored  will  be  greatest.  Any  further  increase  of  fuel  den- 
sity  (y^>2)  practically  does  not  exert  an  influence  on  the  possible  flight  range, 
since  is  minimum,  »  const  and  kWk^j.. 

In  Figure  8U  schematics  are  shown  of  aircraft  of  equal  weight,  one  uses  kero¬ 
sene  as  a  fuel,  the  other  — .  liquid  hydrogen.  Owing  to  the  low  density  of  the  hy¬ 
drogen,  the  volume  and  frontal  drag  of  the  fuselage  and  the  weight  of  the  fuel 
tanks'  casings  prove  to  be  so  great,  that  the  advantage  presented  by  the  high  calori¬ 
fic  value  of  the  hydrogen  is  lost.  Therefore,  liquid  hydrogen  is  not  used  as  a 
fuel  for  missiles. 

During  a  long  flight  at  supersonic  speed,  an  aircraft  heats  up  to  a  tempera¬ 
ture  that  is  close  to  the  stagnation  temperature  of  the  air,  and  the  fuel  in  the 
tanks  may  boil.  Therefore,  for  supersonic  aircraft,  intended  for  long  flights,  a 
fuel  with  a  high  boiling  point  is  prefeired. 

The  heating  value,  calorific  value,  density,  boiling  and  melting  points  of 
various  cheroical  elements  and  compounds  are  indicated  in  table  6.1. 

SECTION  2.  THE  CALCULATION  OF  THE  HEATING  VALUE  OF  A  FUEL  FROM  ITS  COMPOSITION 

The  fractional  weights  of  the  individual  elements  from  which  the  fuel  is  com¬ 
posed,  is  called  the  fuel's  ** elementary  composition".  The  elementary  composition 
is  determined  by  a  chemical  analysis. 


Table  6.1 


THE  PARAMETERS  OF  VARIOUS  MOLECUUR  FUELS^ 


/ 


-Wr — — 

..I'.  .  ■ 

Uthium  ’ 
Beryiliujn 
Boron 
Xjbrbon^ 


Idquid  DBthane 
i  Heptane 
.Benzol 
I  Gasoline 
kerosene 
Biesel  fuel 
ifi.ooho^f'^^ 
^sntx^aron 


.•••’  -■  Temoerar- 

|Syii-bensity^!S:5^C 


ibol 


Isatirig  Calorific 

.''If"®'.  '• 

ccal^g  kcal^cg 


1 

H 

j  Eleim 

70 

mts  ~ 
^268 

-270 

34,5 

28550  ■ 

1 

807 

3 

U. 

534 

1338 

180 

4.97 

7700 

1290 

4 

Be 

i840 

1280 

7.65 

14COO 

1700 

5 

B 

1700 

2500. 

2000 

9.6 

14000 

1460 

6 

C 

IGOO 

4000 

3500 

1 

11.5 

7850 

1 

623 

•i 

655 

CH4 

^  COEPO 
415- 

lUTidS 

-161,5 

17,25 

12000 

C,H,J 

634 

93,4 

-51.6 

15,2 

11200 

671 

y 

C«H, 

880 

83.1 

-  5,5 

13,3 

9500 

668 

•- 

750 

80 

-70 

14.9 

10500 

663 

. 

810 

140 

-50 

14,8 

10200 

m 

— 

850 

162 

-40 

14.8 

10200 

663 

CW) 

7S0 

78,0 

-114 

9.0 

6400 

642 

BsH» 

630 

—46.9 

13,0 

16200 

1160, 

The  energy,  which  is  released  during  the  formation  of  the  fuel  from  the  elements, 
is  called  heat  of  formation  E'  ..  The  heat  of  formation  is  determined  bv  the  data  ob- 

— —  —  'ST* 

tained  from  calorimetric  experimehts.  For  example,  the  heat  of  formation  of  one 
<ilogra)ii>-molecule  (kg  mol)  of  methane  CH]^  due  to  reaction  of  t  kg  of  hydrogen  and  12 
Kg  of  carbon  is  equal  to  16,000  kcal: 


C  ♦  2H2  CHi^  +  16,000  kcal. 

In  order  to  break  down  a  given  combination  into  elements,  it  is  necessary  to 
subtract  the  energy  which  is  equal  to  the  heat  of  formation. according  to  the  lav  of 
conservation.  For  example,  in  order  to  decoirqpose  1  kgmol  of  methane,  it  is  necessary 
bo  subtract  16,000  kcal.  ' 


The  energy,  released  by  the  combination  cf  1  kg  mol  of  a  combustion  substance 
«lth  the  corresponding  amoxint  of  oxygen  is  called  the  heat  of  reaction  E  (Table  6.2). 


^D.  Kay  and  T.  Libby,  "Spravochnik  Fizika-Eksperimentator,"  jf^andbook  of  a 
i^ysics  Experimenter),  Publishing  House  for  Foreign  Lit,  1950, 

HKCA  Report,  No  1037,  1953. 

O 

‘All  the  remaining  chemical  elements  possess  less  heating  value  than  carbon. 
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The  heats  of  reactions  of  combustion  elements  are  determined  by  means  of  calorimetric 


tests*  For  example,  the  heat  of  formation  of  water  vapor  from  1  kg  mol  of  hydrogen 
|and  0*^  kg  mol  of  oxygen  is  equal  to  57,100  kcalAg  >"ol 

H2  ♦  iOg^  HgO  +  57,100  kcal 

It  follows  from  the  law  of  the  conservation  of  energy  that  the  amoimt  of  heat, 
liberated  during  any  chemical  reaction,  depends  only  upon  the  composition  of  the  ag¬ 
gregate  of  the  reaction  products  and  upon  the  original  substances  and  does  not  depend 
on  the  means  of  the  reaction  (G.  I.  Hess*  law). 

The  reaction  products  of  combustion  are  in  the  form  of  a  gas  at  the  moment  of 
their  generation.  If  the  terminal  temperature  of  the  products  is  not  great,  then 
the  oxides  formed  may  change  into  a  liquid,  and  then  to  a  solid  state,  releasing 
heat  because  of  condensation  and  hardening.  Therefore,  one  distinguishes  between  the 
l^ts  of  reaction  in  a  gaseous  state  (the  original  and  final  products  are  gaseous); 
heats  of  reaction  in  a  liquid  state  (the  original  and  final  substances  are  liquids) 
and  heats  of  reaction  in  a  solid  state  (the  original  and  final  products  are  solid 
substances).  ^ 

The  heats  of  reaction  in  a  solid  state  have  the  greatest  value,  and  in  a 
gaseous  state  —  the  least. 

The  heat  of  condensation  of  1  kg  mol  of  water  vapor  is  equal  to  9700  kcal. 
Therefore,  the  heat  of  the  combustion  of  hydrogen  in  a  liquid  state  (if  the  water 
vapor  condenses)  is  equal  to  57,100  +  9700  *=  66,800  kcal. 

Dividing  the  heat  of  reaction  E,  expressed  in  kcalAg  the  mass  of  fuel, 

entering  the  reaction,  in  kg,  we  find  the  amount  of  heat  liberated  during  the 
combustion  of  1  kg  of  a  given  substance,  i.e.,  its  heating  value  H: 


.  (6.10) 

r  •  fr 

The  heating  value  of  a  multi-component  fuel,  composed  of  several  chemical  ele¬ 
ments,  may  be  con5)uted,  if  the  elementary  con^KJsition,  the  heat  reaction  of  the  com¬ 
ponents,  and  the  heat  of  formation  of  a  fuel  from  these  conqjonents  are  kno^m. 

The  heating  value  of  a  fuel  is  equal  to  the  sum  of  the  products  of  the  heating 
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HSAT  OF  RBACTION  E  iff  iffiSOLUTE  ZERO  If!  KGiU/iCG  WU- 


Table  6.2 


V  •  ^ 


Reaction  ; 


.Chemic^  Fommla  Reaction 


The  formation  of  carbon  mono^dde 

t 

The  combustion  of  carbon  monoxide 
The  formation  of  methane 
The  cosbustion  of  hydrogen 

The  combination  of  hydrogen 
with  hsrdroryi.  J 

The’^  cbnbustibh'of  hydrogen 
v/ith  chlorine 

[The  decomposition  of  ozone 

f 

The  oxidation  of  lithim 
"  "  ■  aluminum 

i 

"  "  ■  phosphorus 

I  "  "  "  boron 

j  "  "  •  magnesium 

"  ■  beryllium 


c+ 

CO+*~Oa-*C<)j 

C+2Hr*Cfl4 

-i-Hj+OH-HaO 

Y.Ha+YClr-KCI 

O3-*  i  .SOa 
2U+“^KV*LiaP 

SAl+I.SCVAIaQs 

2P+2,5CV*PaQ8 

2B+l.S(>r^BA 

Mg+  -^Or*MgO 


37400 


66760 

16000 

87100 


63000 


22000 

34500 

107000 

327000 

363000 

302000 

144000 

133000 


Note:  Metallic  oxides,  at  the  temperatures  in  the  combustion  chambers  of  ram¬ 
jet  engines  (near  2000OC),  are  transformed  into  a  liquid  or  solid  state,  releasing 
'heat  of  vaporization.  Lithiun  oxide,  is  an  exception,  boiling  at  1230OC.  Therefore, 
the  heat  of  reaction  of  metsils,  with' the  exception  of  Li/ ‘includes  the  heat  of  vapor¬ 
ization. 

values  of  its  conponents  multiplied  by  their'  fractional  ^eighns,  less  the  heat  of  fuel 
formation  from  these  components: 

where  gj^  is  the  fractional  weight  of  a  given  element  in  the  fuel; 

Ei  is  the  a'^gaveri’^ementj" 

is  the  mass  of  a  given  element  in  1  kg  mol  of  the  combustion  products; 

Egy  and  are  the  heat  of  formation  and  the  molecular  weight  of  the  fuel. 

The  elementary  conposition  of  an  individual  fuel  may  be  found  by  its  chemical 
formula.  Let  the  composition  of  a  fuel  be  expressed  by  the  formula  The  molec- 

ular  weights  of  the  components  are  designated  respectively  by  The 

*A  Chemist's  Handbook,  vol  I,  Khiraizdat,  M.-L.,  1952. 

B.  Lewis  and  G.  von  Elbe,  Goreniye,  plamya  i  vzryvy  v  gazakh  /Combustion,  Flame 
and  Explosions  in  Oases/,  Vuo.  House  Tor  Foreign  Lit.,  IpijS. 


and  Explosions  in  Oaseb/,  t^uo .  House  for  t'oreign 


molecular  weight  of  the  fuel  is  equal  to  the  sum 

l‘f*=«l‘C  +  «l‘H  +  ^0‘ 
%  The  fractional  weights  of  the  components  are 


A 

...  i 


rf  rf 

(01=fi6=te2.=16-. 

I*T  l*T 


The  heating  value  of  the  fuel  is 


(6.12) 


(6.13) 


^=— (6.11i) 

He  {‘H  Hr  •  -  * 

The  more  atoms  a  hydrocarbon  molecule  is  composed  of,  usually  the  less  vdll  be 
its  density  and  the  less  will  be  the  heat  of  formation.  Methane  possesses  the  high¬ 
est  heat  of  formation  among  the  hydrocarbons  of  the  paraffin  series.  The  heat  of 
formation  of  unsaturated  hydrocarbons  is  usually  less  than  that  of  saturated  hydro¬ 
carbons.  The  heat  of  formation  of  acetylene  C2H2  is  negative. 

The  heat  of  formation  of  multi-component  fuels  is  usually  not  knovm,  and  since 
large  moleculesjit  is  often  disregarded.  The  computed  heating 
values  are  confirmed  more  exactly  by  calorimetric  experiments. 

A  distinction  is  made  between  the  grossed  ne|i,lieating  values  of  a  fuel.  Inuring 

i 

’the  determination  of  the  gross  heating  value  H,  the  temperature  is  lov/ered  so  much  as 
to  cause  the  combustion  products  (usually  only  steam)  to  condense.  The  determination 
'the  net  heating  value  is  carried  out  at  such  teirperature  that  all  the  combus¬ 
tion  products  remain  gaseous.  For  exanple,  for  hydrogen  n  «  2  kg. 

Hu  “  .  28,^50  kcal/kgj  H  «  -  33,iiOO  kcal/kg. 

The  combustion  products  of  the  majority  of  fuels  used  in  ramjet  engines  remain 
gaseous.  Therefore,  usually  the  net  heating  value  has  the  greatest  significance 
for  operation  in  a  ramjet  engine. 

Example .  Find  :.he  heating  value  of  methane  CH|^. 

The  molecular  weight  of  methane  is 

^-Hc  +  <H„-l2-f4«:l6.  ^ 

The  eleraentaiy  composition  of  methane  is 


V 


He  12 


16 


>0^. 


The  heat  of  forination  of  methane  is 
E  •  16,000  kcal.Acg  mol 

The  heating  value  of  methane  is  determined  bj  the  formula 


H  t  ■ 

-  <C+ 


26  550-0^  H- 78500.75  • 


H 

16000 

16 


Hf 


12000  kcalAs* 


SECTION  3.  CALCULATION  OF  THE  AMOUNT  OF  AIR  THEORETICALLY  REQUIRED,  THE  COMPOSITION 
AND  TFIERI'IODYNAMIC  PARAMETERS  OF  THE  COMBUSTION  PRODUCTS 


From  the  elementary  composition,  it  is  possible  to  find  the  amount  of  air 
theoretically  necessary  for  the  combustion  of  one  kilogram  of  fuel  and  the  composi¬ 
tion  and  thermodynamic  parameters  of  the  combustion  products. 

According  to  the  equilibrium  equation,  the  amount  of  oxygen,  necessary  for  the 
combustion  of  1  kg  of  fuel  is  equal  to 

■'  /II.=^.(C1+^(H1-10I=-|-(CH-8(H1-101."  (6.15) 

l*C  •HH 

Air  is  composed  of  23*2%  of  oxygen  by  weight.  The  amount  of  air,  necessary 
for  the  combustion  of  1  kg  of  fuel  is 

(6.16) 


The  amoimt  of  air,  theoretically  required  for  the  combustion 
is  equal  to  LGg.  The  ratio  of  the  amount  of  air,  which  enters  the 
ber  to  the  amount  of  air,  iMch  is  required  for  the  combustion 
called  the  excess  air  coefficient  <A: 


/ 

/ 


of  Gg  kg  of  fuel 
combustion  cham- 
of  the  fuel  is 

(6.17) 


If  the  elementary  composition  of  the  fuel  is  known,  it  is  possible  to  determine 
the  coitpooition  of  the  combustion  products  for  any  excess  air  coefficient.  The  hot 
combustion  products  include  C02>  H2O,  N2,  02-'  even  products  of  incomplete  oxida¬ 
tion:  CO,  NO,  CH]^H2,  the  products  of  dissociation:  OH,  0,  H,  N  and  others. 

The  total  mass  of  the  combustion  products  of  1  kg  of  fuel  in  the  air  is 
i  inw-<r“l+a£. 
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VJe  will  deterinine  the  composition  of  the  combustion  products  wheno<>l. 


The  mass  of  carbon  dioxide  gas  in  1  kg  of  fuel  is 

mco,^- — St* 

The  mass  of  the  water  vapor,  formed  during  the  combustion  of  1  kg  of  fuel  is 

The  mass  of  the  unreacted  oxygen  in  the  combustion  products  is 

1  m.  =  - ^  fi,. 


'  Kt:  2i»* 

The  mass  of  nitrogen,  including  argon  and  other  noble  gases,  in  the  combustion 
products  is  •  .  . 

The  fraction  of  the  individual  components  by  weight  in  the  undissociated  com- 
0 

bustion  products  is  found  by  dividing  the  mass  of  each  component  by  the  total 
mass  of  the  products  1  <XL  (Table  6.3); 

I  (6.18) 


The  determination  of  the  composition  of  dissociated  combustion  products  is  dis¬ 


cussed  in  Section  5  of  this  chapter. 


Table  6.3 


THE  COMPOSITION  OF  THE  UNDISSOCIATED  COMBUSTION  PRODUCTS  OF  KEROSENE 


i 

> 

1 

r 

t 

/  --  * 

6 

«0 

1.0 

1.25 

1.5 

2,0 

• 

•*  i 

f003 

0,1965 

0,1592 

0,1338 

0,0000 

Xh,o 

0,0679 

0,0571 

E 

fo. 

0,0440 

0,0740 

0,1122 

0,2320 

oS 

o 

1 

0,7197  1 

0,7289 

0,7351 

0,7431 

0,7680 

&? 

l.COOO 

1,OOCO 

1,0000 

1,0000 

0,1280 

0,1040 

0,0874 

0,0663 

^  § 

0,1340 

0,1084 

0,0911 

0,0091 

Id  p 

'o. 

0,0000 

0,0395 

0,6555 

0,1009 

0,7330 

0,7481 

0,7550 

0,7636 

0,7910 

f 

i 

1,0000 

1,0000 

1,0000 

1.0000 

l.OGOOO 

•  . 
R  kgn/kgtgr 

29,53 

29,51 

29,49 

29,48 

29,27 

N 

28,72 

28,75 

28,77 

28,78 

29,93  ' 

« 

Inert  gases  are  included  with  the  nitrogen. 


Knowing  the  fraction  of  all  the  components  by  weight  it  is  possible  to  find 
the  enthalpy,  internal  energy,  entropy,  gas  constant,  and  the  specific  heat  of  the 
eonbustion  products  in  accordance  with  the  lavs  of  the  conservation  of  energy  and 
Blatter. 


The  internal  energy  is 


fCKCAlKe. 

1 


The  gas  constant  is 


— g)  KBiiiKz.  zpad. 

.tri  {1/ 


The  enthalpy  is 


The  entropy  is 


S  («#+ gt  kkoaIkz. 

1  t 


KKQAlKZ.Zpad. 


The  average  molecular  weight  of  the  combustion  products  is 

.  T- 


(6.19) 


(6.20) 


(6.21) 


(6.22) 


(6.23) 


The  internal  energy ,  enthalpy  and  entropy  of  each  component  depends  on  the 
temperature.  The  internal  energy  is  determined  by  experimental  means.  The  results 
of  several  determinations  are  indicated  in  Table  6.1^. 


Table  6.U 


THE  ItrTERNAL  ENERGIES  OF  GASES  IN  kcal/mol* 


- - 

Qas 

800 

1000 

1400 

I’  1800 

2200 

2600 

3000 

o, 

32 

3088 

5511 

8128 

10852 

13667 

16570 

19544 

H, 

3 

2936 

4978 

7151 

9478 

11954 

14545 

17231 

N, 

28 

3006 

5216 

7646 

10207 

12857 

15500 

18287 

NO 

3) 

3196 

553) 

8074 

10724 

13439 

16197 

18985 

CO 

28 

3017 

5247 

7441 

10334 

13011 

15725 

18476 

OH 

17 

3048 

5118 

73)0 

97>K) 

12255 

14890 

17607 

H|0 

18 

3687 

65n 

9920 

13655 

17790 

21945 

26330 

CO, 

44 

4135 

8247 

12844 

17698 

22703 

27819 

33012 

* 

B.  Lewis  and  G.  von  Elbe,  Goreniye,  plamya  i  yzr^-yy  v  gazakh  /Combustion, 
and  Explosions  in  Gases/,  Pub.  HouseTor  f'oreign  Lit.,  l^W.' 
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The  enthalpy  and  entropy  are  found  by  calculation.  The  results  of  several 
calculations  are  shovn  in  Tables  6.5  and  6.6. 


Table  6.5 


GftS  ENTHALFISS  IN  kcal/kg* 


I 

^  - 


The  fraction  by  volume  of  each  component  r^  may  be  found  by  the  well-known  ratio 

\  ^  .  (6.2U) 

After  calculating  the  composition  of  the  combustion  products,  the  internal 
energy  and  enthalpy  at  given  temperatures  are  calculated  and  plotted  on  a  graph 
(Figure  85). 

After  dividing  the  increase  in  internal  energy  or  enthalpy  by  the  corresponding 
temperature  interval,  we  find  the  average  specific  heat  for  a  given  temperature 


*Ya.  B.  Zel'dovich  and  A.  I.  Polyarnyy,  Raschyoty  teplovykh  protsessov  pri 
vysckikh  tp-^oeraturakh  /Calculations  ol  Thermal  Processes  at  High  Temperatures7> 
BNT  Printing  House,  19li7. 
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'ig.  85  • 


noo  K69  mo  mo  2000  2200  24002000  2000 


Th6  tsTiiperature  dependence  of  the  internal  ener^  and  enthalpy  of  the  com¬ 
bustion  products  of  kerosene  (neglecting  dissociation), 
a)  u,  t  kcalAgj  b)  air. 


A/ 


and  the  average  value  of  Poisson’s  index 


(6.25) 


(6.26) 


(6.27) 


As  AT  tends  to  zero,  Cy,  Cp  and  R  approach  their  .'tiutfivaiues. 

The  averag*e  specific  heats  of  hydrocarbon  combustion  products,  such  as  those 
from  kerosene,  are  depicted  in  the  graphs  in  Figures  86,  a  and  b,  and  are  calculated 

by  neglecting  dissociation,  i.e.,  vhen  p  ->  cO»  , 

Kyyiitpiffi  Find  the  composition  of  the  combustion  products  of  octane  C0Hj^q 


when  the  excess  air  coefficient  oC-  2. 

The  molecular  weight  of  CgH^0  is:  »  8  •  12  +  18  *=  llh. 

The  fractions  ‘by  weiglit  are 

The  amount  of  air  that  is  theoretically  required  is 


I  »=  11,5.0,843+34,5.0,157  «  15,1. 


Fig.  86.  Temperature  dependency  of  the  average  specific  heat  and  Poisson  Index 
ne^ecting  dissociation, 
a)  c„  «  f(T)j  b)  Cjj  «  f(T)  and  k  =  f(T). 

A)  air.  ^ 

The  quantity  of  air  when  oC  »  2  is  ^ 

at  90,2. 

The  wei^t  of  the  carbon  dioxide  gas  in  the  combustion  products  of  1  kg  of 


octane  is 


0,843  =  3,09. 


The  fraction  of  CO2  by  weight  is 

l+.t  31,2 

The  weight  of  the  water  vapor  in  the  combustion  products  of  1  kg  of  octane  is 

0.157  =1,41. 

1^.  2 

The  fraction  of  the  H2O  by  weight  is 

*= -^^  = -^^  =  0,0453, 

The  weight  of  the  nitrogen  in  the  air  is 

30.2-0,768  =  23. 

The  fraction  of  nitrogen  by  vreight  is 

fN  = 

31,2  * 

The  fraction  of  the  oxygen  in  the  air  by  weight  is 

30,2  0,232*=  7,00. 


Half  of  this  oxygen  is  spent  in  the  formation  of  COq  and  HoO. 


The  fraction  of  the  free  oxygen  by  weight  is 


f. 


We  will  verify  this: 

■^0 

fco+rH/)+^M.+ro.  »o.«>M+®.««+®*7^36+o.n2o= 1/^ 

^  ^  «  . . . ■■■  —  -  —  ■ 

The  gas  constant  R  and  the  average  molecular  wei^t  of  the  combustion  pro¬ 
ducts  are 


=  848 


\  Hco,  i4i,o  hn,  Ho,  / 

/0.0992  0,0453  ,  0,7435  .  0.112\  ,, 

\  44  18  20  *^32  degj 


848  848 

^  i?  29,5 


After  multiplying  the  fractional  values  of  the  combustion  products  by  the  in¬ 
ternal  energies,  the  enthalpies,  and  the  entropies  of  the  components  and  after  adding 
the  products  so  obtained,  we  find  the  u,  i  and  s  of  the  combustion  products  at  a  given 
temperature*  After  this,  the  specific  heats  Cp  and  Cy  and  Poisson's  index  k  may  be 
calculated* 


SECTION  Ij.  THE  CONCEPT  OF  CHEKECAL  EQUILIBRIUM. 

THE  DISSOCIATION  OF  COMBUSTION  PRODUCTS . 

The  substances  forming  the  composition  of  a  fuel  mixture  are  capable  of  forming 
a  chemical  compond  with  one  another;  under  certain  conditions,  the  oxygen  of  the 
air  unites  with  the  hydrogen,  carbon,  and  other  fuel  components. 

Under  normal  conditions  the  oxidation  of  hydrocarbons  does  not  occur. 

In  order  for  the  reaction  to  begin,  the  fuel  mixture  must  be  heated  to  a  certain 
temperature,  called  the  ignition  temperature  T^erp.  If  the  heat  of  a  reaction  which 
is  developed  in  an  enclosed  volume  is  greater  than  the  heat  lost  by  means  of  heat  con¬ 
ductivity  and  radiation,  then  the  mixture  heats  up.  The  speed  of  the  reaction  in¬ 
creases  because  of  the  increased  velocity  of  the  molecules  and  increased  number  of 
molecular  collisions.  The  quiet  reaction  may  be  transformed  into  an  explosive  one. 

The  cooled  combustion  products  consist  of  carbon  dioxide  CO2,  water  vapor  H2O, 
carbon  monoxide  CO,  and  nitrogen  N2.  Besides  this,  the  nitrogen  of  the  air,  which 


for  all  practical  purposes,  does  not  take  part  in  the  reaction,  remains  in  the  cok:- 
bustion  products.  Also  reryiining  are  those  substances,  vMch  at  the  start  of  the 
reaction,  vere  excess  —  oxygen  or  unburned  fuel  components, 

Spectrographic  tests  shor:  that  the  hot  combustion  products  contain,  besides  the 
enumerated  final  products,  the  original  substances  and  a  series  of  intermediate  pro¬ 
ducts  of  the  reaction.  Thus  for  example,  the  hot  combustion  products  of  hydrogen 
and  oxygen  contain  not  only  the  final  product  —  >?ater  vapor,  but  also  the  original 
substances  O2  and  H2i  and  even  intermediate  coii^xjunds  and  free  atomis  OH,  H,  and  0, 

Vith  an  increase  of  the  mixture's  initial  temperature  Tq^,  the  temperature  of  the 
combustion  products  increases  and  the  percentage  of  the  final  products  decreases, 

V/e  vill  consider  the  reaction  of  hydrogen  vith  oxygen: 

-  H,  +  y0,<±H,0.  ^^28) 

The  arrows,  pointing  in  both  directions,  show  that  under  the  proper  conditions 
the  reaction  may  go  either  in  one  or  the  other  direction.  The  hot  products  of  the 
combustion  of  hydrogen  in  oxj'gen  contain 

H2,  O2,  H2O,  OH,  H,  and  0 

Ve  indicate  the  partial  pressures  of  the  components,  determined  by  the  number 
of  molecules  of  a  given  component  in  a  unit  of  volume  and  temperature  of  a  mixture, 

fey  Ph2>  Po2'  PH20»  PqH'  Ph  Pq* 

On  the  basis  of  the  law  of  mass  action,  the  principle  of  which  is  presented 
in  courses  in  thermodynamics,  one  may  describe  the  equation  of  chemical  equilibrium: 

Ah/)=— . 

/H,0  (6.29) 

is  called  the  constant  of  cheirical  eouilibrium  for  the  reac- 


The  constant  k 


HgO 

tion  of  the  formation  of  water  from  hydrogen  ana  oxygen.  The  degree  to  which  each 
partial  pressure  enters  the  equation  of  chemical  equilibriuiri,  is  equal  to  the  number 
of  molecules  entering  the  reaction  equation  (6,28), 


The  equilibrium  constants  which  are  deterndned  by  experimental  methods,  are 


functions  only  of  ten.perat\ire  and  depend  neither  upon  the  pressure  to  v;hich  the  re- 


-J^^wenitnexposed'  non’dn  presehro  .pr;  dif f eVehti  iK^nrities  (Table  6.7)* 

Table  6.7 


EQUIUBRIUM  CONSTANTS 
(pressure  is  expressed  in  kg/cm^)* 


t  Reaction 
^  . 

Const. 

r=^|800®K 

r-2200*K 

r=26C0®K 

r=3000*  K 

fco^co+4-0, 

*i 

2,0410-* 

6,41-10-5 

0,0622 

0.339  V 

-j  O, 

5.37- 10-5 

1,23-10-9 

•* 

0,010 

0.049 

H20^±0H+4-Ha 

h 

2,512- 10-5 

8,32-10-* 

9,55-10-3 

0.0566 

i  Nj5±N+N 

*4 

** 

1,574-10-7 
1,00. 10-M 

3,767-10-5 
5,01- 10-« 

1,702-10-3 

2,5.10-* 

0,0283 

2,24-10-* 

0,011 

0,0332 

0,0708 

0,124 

pi?>0+0 

1,69-10-* 

s.ii-io-* 

5,92-10-* 

0,01388 

To  deterndne  the  composition  of  the  dissociated  combustion  products  it  is  neces¬ 
sary  to  solve  simultaneously  the  equations  of  material  balance  of  the  (6*28)  type,  and 
of  chemical  equilibrium  of  the  (6,29)  type  for  all  substances  that  may  be  formed  dur¬ 
ing  combustion  (see  Section  5  of  this  chapter). 

The  greater  the  temperature  of  the  gas,  the  greater  the  portion  of  molecules 
vhose  kinetic  energy  is  sufficient  for  ionization  by  impact.  V/ith  an  increase  of  the 
combustion  products’  temperature,  the  fraction  of  the  molecules,  vhich  are  split  up 
into  elements,  increases. 

I 

The  kinetic  energy  of  the  molecules  colliding  together  is  transformed  into  the 
potential  energy  of  the  dissociated  products.  Therefore,  at  a  given  enthalpy  the 
kinetic  energy  of  the  particles  of  a  dissociated  gas  is  less,  and  the  potential 
energy  greater  than  that  of  a  non-dissociated  gas.  The  temperature  of  the  gas  is 
proportional  to  the  average  kinetic  energy  of  the  particles,  consequently,  at  a  given 
enthalpy  the  temperature  of  a  dissociated  gas  is  less  than  that  of  a  non-dissociated 
gas.  At  a  temperature  viiich  is  less  than  1700OC,  the  amount  of  dissociated  combustion 

*B.  Levds  and  G.  von  Elbe,  Goreniye,  plamya  i  vzryvy  v  gazakh  Combustion,  Flame, 
and  Explosions  in  Gases7*  ihib.  House' for  Foreign  Lit.,  194b. 
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At  tenipcraturcs 


products,  H2O,  CO2  and  others,  is  small  to  the  point  of  vanishing* 
higher  than  the  conbustion  products  are  practically  totalli.-  dissociated*  If  a 

fuel  is  introduced  into  air,  the  tenperature  of  Tdiich  is  greater  than  liOOO°C,  combus¬ 
tion  does  not  occur*  Cn  the  other  hand,  the  molecules  of  the  fuel  substance  as  well 
as  the  molecules  of  the  air  are  broken  doim  into  atoms.  Separation  does  not  occur 
but  energy  is  absorbed. 

If  the  relative  velocit7/  is  not  too  great  during  the  collision  of  the  dissoci¬ 
ated  products  vri-th  one  another,  "moleculization"  nay  occur:  the  particles  reunite 
into  whole  molecules.  The  number  of  recombined  molecules  is  increased  ty  more  fre- 
<(uent  collisions  which  result  in  ’'moleculdzation".  The  number  of  the  recombined 
molecules  is  the  greater,  the  more  molecules  there  are  on  the  surface  of  the  volume 
under  consideration,  and  the  more  molecules  there  are  or  the  periphery  of  the  ambient 
medium.  Thus,  the  degree  of  dissociation  (i.e,,  the  ratio  of  the  number  of  disinte¬ 
grated  molecules  to  the  number  of  those  not  disintegrated)  at  a  given  temperature  is 
approximately  inversely  proportional  to  the  square  of  the  gas’  density.  ZXiring  an 
increase  of  pressure  the  degree  of  dissociation  decreases.  As  the  pressure  increases 
to  infinity,  the  degree  of  dissociation  approaches  zero. 

In  calculations  respecting  the  operation  process  in  the  combustion  chambers 
of  ramjets,  it  is  necessary  to  consider  dissociation  if  the  temperature  of  the  prod¬ 
ucts  exceeds  2000®K,  Dissociation  involves  a  decrease  in  tenperature.  The  higher 
the  pressure  in  the  chamber,  the  lesser  the  degree  of  the  products’  dissociation. 

With  an  increase  of  flight  altitude,  the ‘pressure  in  the  chamber  falls,  the  degree 
of  dissociation  increases  and  the  decrease  in  teiipcrature  becomes  more  significant. 

The  determination  of  the  conposition  of  dissociated  conbustion  products  is 
produced  by  means  of  a  combined  solution  of  the  equations  of  equilibrium  and  material 
balance  and  is  accotpanied  by  painstaking  conputationc.  These  computations  dctermrie 
the  volume  and  weight  fraction  of  the  conponents  OO^,  CO,  CH^,,  II2O,  OH,  H2,  H,  IIO,  N2, 


O2J  0,  and  N.  In  the  air  there  are  traces  of  inert  gases  and  possible  traces  of  other 
elements  vdiich  are  not  usually  considered  in  relation  to  a  fuel. 

SECTION  THE  CALCULATION  OF  THE  COMPOSITION  OF  DISSOCIATED  COMBUSTION  PRODUCTS 
During  dissociation  the  number  of  particles  and  the  volume  of  the  combustion 
products  increases^  and  their  apparent  molecular  vei^t  ^  decreases. 

The  ratio  of  the  molecular  veight  of  a  non-dissociated  gas  to  the  molecular 


weight  of  a  dissociated  one  is  called  the  molecular  change  coefficient  a: 

Carbon  dioxide  dissociates  into  carbon  monoxide  and  oxygen 


co,?tco+io.. 

The  partial  pressures  of  the  original  and  produced  products  Pj^  are  related  to 
each  other  by  the  equation  of  chemical  equilibrium 

The  partial  pressure  of  a  given  conponent  p^  is  equal  to  the  product  of  the 
total  pressure  p  and  the  volume  fraction  r 

*i«nr 

P^^pru 

Consequently,  \  _ 

a  __/^co  _  ^CG 

‘  /^x>.  '^co.  *  (6.32) 

lAiere  is  the  equilibrium  constant  for  the  dissociation  of  carbon  dioxide  and  is 

dependent  only  on  the  temperature  of  the  gases. 

During  dissociation  the  mass  of  the  substance  must  remain  constant,  but  the 
volume  of  the  mixture  Increases. 

If  one  attributes  the  volumetric  portions  of  the  substances  formed  to  a  new 
volume  of  the  mixture,  then  the  equation  of  material  balance  of  carbon  presents  this 


form : 


1 


^  'co,“='’co,+/’co.  (6.33) 

Water  vapor  dissociates  into  hydroxyl,  molecular  hydrogen  and  atoid  .  hydrogen. 


Therefore,  for  water  just  as  for  carbon  dioxide,  the  following  equations  may  be 
wiritten: 


(6.3U) 


H,0<±H,+yO*» 


'’Hfi 


1 


-  ^OH  VVh, 


(6.35) 


Hg^H  +  H, 

fc 

«4— — . 


(6.36) 


The  material  balance  equation  of  hydrogen  for  all  of  these  reactions  is 

(6.37) 

Nitrogen  dissociates  into  atomic  components  and  oxidizes,  forming  nitrous  oxide 

Ng5±N+N. 

■i-Nt+-70t?iN0. 

The  equations  of  equilibrium  and  material  balance  have  this  form  for  all  these 
reactions 


% 


(6.38) 


'’no 


/''n/o,* 

~  (/“n  + '' no)* 

Molecular  oxygen  dissociates  into  its  atomic  components: 

o.^o+o. 

*'-ro/ 

The  equation  of  material  balance  of  oxygen  is 

”7  ('o, + 'w.  +  Y 'h.o)= ''o.  + '•co. + 

+  “  (''cO  4-  ''oh  +  ''oh  +  'lH,0-f  To). 


(6.39) 

(6.1^0) 


(6.1:1) 


(6.1:2) 


The  molecular  change  coefficient  ‘a’  must  have  such  a  value  vrtiich  satisfies  the 
condition 

£r,=l. 

(6.1.3) 


In  this  way,  in  order  to  determine  the  voluiaetric  cc.t,  ositio..  of  the  disscciated 
ndxture  of  i  coixoncnts  and  the  aolecular  change  coefxicient  a,  a  total  of  i  ♦  1 
equations  vras  prodLiced.  In  principle,  these  equations  pernit  toe.i»ta  ds-termint  ftll  the 
TOB^hcnt  fractions  of  the  laixture  and  the  coefficient  a.  However,  the  sinailtar.eouG 
solution  of  this  systen  of  equations  results  in  an  equation  higher  than  the  third 
power,  the  solution  of  which  is  found  by  graphic  neans.  .The  follov/ing  method  brings 
us  quicker  to  oxu*  goal* 

Let  us  consider  a  given  excess  of  air,  d,  and  a  given  elementary  composition  of  a 
fuel  mixture  of  C  and  H;  V/ef.wili  find',  as  was  shmm  in  Section  3,  the  volumetric  compo¬ 
sition  of  a  non-dissociated  mixture  ^H20*  ^§2  ^82* 

temperature  T,  the  pressure  p,  and  the  molecular  change  coefficient  a  (in  the  first 
approximation  ve  will  take  c^e  of  the  last  value  by  guess  work) .  Vie  will  set  up  a 
series  of  values  of  a  volumetric  concentration  of  ojgrgen  r^^.  Vie  will  find  the  para¬ 
meter  xj  ,  - - 

•  x^Vpro,. 

The  voliane  fractions  of  carbon  dioxide  and  carbon  monoxide,  >diich  correspond 
to  the  tabulated  fractions  of  oxygen,  are  found  from  the  equations  (6*32)  and  (6.33) s 

rco,« 


.!  . 


t. _ 

1 


We  will  conpute  the  auxiliary  parameters 


X 


•i/t 


b. 


{e.kS) 

(6.I46) 

(6,li7) 

(6.I48) 

(6.1*9) 


The  volucie  fractions  of  water,  hydroxyl,  molecular  and  atonic  hydrogen,  which 
correspond  to  the  tabulated  fractions  of  oxygen,  are  found  from  the  equations  (6.31*) j 
(^•35)j  (6.36)j  (6,37);  (6.1*7);  (6.1*8)  and  (6.1*9) 


«  +  4f 

^  < 

Vl+*/  '4I(1+*) 

I+*  ’ 

.  , 
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(6.90) 

(6.91)  ' 


0.25 


(6.52) 


/Vh, 

—  *  <6.53) 

For  any  oxygen  fraction  the  values  deterirlned  for  r^Q^  and  Tqq,  and  also 
r  rjj  ,  rQjj  and  r^  must  comply  vith  the  corresponding  material  balance  equations 
(6.33)  and  (6.37). 

The  volume  fractions  of  molecular  nitrogen,  atomic  nitrogen  and  nitrous  oxide 
are  found  from  the  equations  (6.36) j  (6,39)  and  (6,140) 


(6.5I4) 


(6.55) 

I.  ^N0=A,V^^.. 

The  volume  fractions  of  atomic  oxygen  are  found  from  the  equation  (6.I4I)  : 

fro,.  (6.57) 

After  this,  ve  select  those  values  of  the  volumetric  concentrations  of 
vhich  comply  with  the  material  balance  equation  of  oxygen  (6,142),  This  is  done  by 
a  graphic  method,  Ve  put  the  assumed  values  of  the  volume  concentration  of  oxygen 
along  the  abscissa  axis  (Figure  07)  and  along  the  ordinate  axis  we  plot 
the  calculated  volumetric  fractions  of  the  cortponents  and  the  summary  amount  of  oxy¬ 
gen  to,  irfiich  was  determined  from  the  material  balance  equation  for  oxygen: 

(6.58) 

Yalid  are  those  volumetric  concentrations  at  which  the  material  balance  equation 
of  ojqygen  is  cor^Jlied  with,  i.e.  when 

'  ;»=^“T('*o.jA+T'*^)-  (6.59) 

Dropping  a  perpendicular  from  the  intersection  point  of  the  curve  w  =  f(r_  ) 

11 

1^  with  a  horizontal  line  (r°QQ^  *  +  h  Tj^^q)  a  *  a  volumetric  frac¬ 

tions  of  the  components  of  a  dissociated  mixture  r^. 


•  ^co,  *1*  ^0,  *f*  J  (^H,o4*^OH*r^NO’^"^co"^"^c)* 
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If  the  molecular  change  coefficient  a  at  the  beginning  of  the  calculation  was 
assviined  correctly,  the  sum  of  the  yolumetri  c  fractions  of  s^the  components  would  be 
equal  to  one:  when  a  •  a^^^^  ■  -jj-,  ^  r *  1.  Otherwise, 

Then 

(6  •63.)  I 

If  a’ >1,03,  one  must  repeat  the  calculation,  using  the ‘.fcorredtcd'v^de'. of  toe. 
^■9lecvQ.'^~  change  coefficient  a,  as*  the  initial  value*  An  error  in  the  value  of  a,  which 
does  not  exceed  3/C,  does  not  have  a  noticeable  influence  on  the  composition  and  thermo¬ 
dynamic  parameters  of  the  conbustion  products. 

The  true  values  of  the  volumetric  concentrations  of  the  components  are  less 
than  those  found  on  the  graph  in  Figure  8?  by  a’  tim.es 


£r,=a'. 


E(0).ct='. 


(6.62) 

(6.63) 


I 
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Fig.  68.  Tenperature  depend^ce  of  the  composition  of  the  dissociated  com¬ 

bustion  products  of  kerosene. 


The  apparent  molecular  weight  of  the  dissociated  mixture  is 

where  is  the  molecular  vfeight  of  a  given  component. 

The  gravimetric  fractions  of  the  components  are  found  by  the  equatn  on 


(6.65) 


IrJith  an  increase  of  temperature,  the  volumetric  and  gravimetric  fraction  of  the 
dissociation  products  grow,  while  the  volumietric  and  gravimetric  fractions  of  the  ori¬ 
ginal  products  decrease  (Figure  88). 

Kith  an  increase  of  pressure,  the  volumetric  and  gravim.etric  fractions  of  the 
dissociation  products  diminish  (Figure  89). 

The  knowledge  of  the  weight  composition  of  a  dissociated  mixture  is  used  to 
calculate  the  internal  energy,  enthalpy,  gas  constant,  and  entropy  of  comibustion 
products  at  various  temperatures  and  pressures  and  is  also  used  to  construct  thermal 
2^ollier7  charts. 


SECTION  6.  THERMAL  ^0LLIER7  CHARTS  OF  COMBUSTION  PRODUCTS 

It  is  possible  to  compute  the  internal  energy  u,  the  enthalpy  i,  and  the  en¬ 
tropy  of  1  kg  of  combustion  products  u,  i,  R  and  s  by  gravim.etric  composition  of 
a  dissociated  mixture  (see  equations  6.19  -  6.22). 
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Fig*  89.  The  dependence  on  pressure  of  the  compositioh  of  the  dissociated  combustion 
products  of  kerosene. 

The  internal  ener^  u^,  the  enthalpy  i^  and  the  entropy  s^  of  a  given  component ; 
depend 'only  on  its  temperature  (see  Tables  6.1i,  6.5  and  6*6).  The  percentage  of  a 
given  component  depends  on  the  composition  of  the  mixtiire,  i.c.,  on  the  excess  air 
coefficient  o(,  on  the  temperature  T.,  and  on  the  pressure  p.  In  this  vay,  special 
curves  vill  correspond  to  each  o(  and  to  each  pressure  p;  u  «  f(T)  (Figure  90,  a,  b, 
c,  d),  R  »  f(T)  (Figure  91,  a,  b,  c,  d),  i  ■  f(T)  (Figure  92,  a,  b,  c,  d)  and  s  =  f(T) 
The  entropy  diagrams,  i  »  r(s)  (Figure  93,  a,  b,  c,  d)  are  constructed  from  the  known 
i-T  and  s-T  diagrams.  The  thermal  ^ollier7  charts  cited  in  the  book  for  the  hydro¬ 
carbon  combustion  products  were  computed  and  drawn  by  S.  M.  Il'yashenko,  Ye.  K. 
Qenneier  and  V.  N.  Sokolovoy  according  to  thermo-chenical  data  of  19li7. 

The  computation  of  the  stagnation  temperatures  and  the  temperatures  of  the  com¬ 
bustion  products  is  based  upon  the  thermal  ^ollier7  charts. 

The  computation  of  ^  stagnation  temperature  at  very  high  velocities  is  based 
upon  the  i-T  chart,  which  is  plotted  for  unvitiated  air  (see  Figure  92).  The  stagna¬ 
tion  air  enthalpy  i^  is  equal  to  , 

^ere 
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Teni^tlirel^f  ve  vili  i-iW'd  the  st'^gnation  pressure  knpving  the  velocity,  of 
the  free  st^'cah  flow  and  the  Kcaghati on  process'.  VJe  Ip' ate  the  deterrdhed 
vt^^atioil  ehthalphy  on  the  vertical  axis  and  draw  a  perpendicular  to  the  point 
where  it  intersects  vith  the  curve  i  *  f{T),  which  corresponds  to  the  stagnatioh  pres^ 
•'hre  pq2  previously,  found.  Dropping  a  perpendicular  to  the  horizontal  axis^  >:e  find 
the  stagnation  temperature  accounting  for  the  dissociation  of  the  air . 

The  lowering  of  the  stagnation  temperature,  caused  by  the  change  in  specific 
heat  and  by  the  dissociation  of  the  air,  becomes  perceptible  only  when  M  ^  5 • 

The  computation  of  the  com.bustion  products*  temperatures,  is  derived  from  the 
i-T  chart,  which  corresponds,  to  a  given  excess  air  coefficient  o(  (Figure" 92.  a,  b,  c, 
d). 


We  find  the  stagnation  enthalpy  of  the  combustion  products  ic-  by: 

O 

tit  ^*2  I  •  »  I  ^i/hx 


where  ^«g  is  the  total  combustion  efficiency. 

We  locate  the  enthalpy  that,  was  found  on  the  vertical  axis  of  the  i-1 
diagram^  draw  a  horizontal  line  to  the  point  where  it  intersects  with  the  curve  i  » 
f(T),  corresponding  to  the  pressure  in  the  combustion  chamber  Pq2.  Then,  by  dropp3:hg 
a  perpendicular  to  the  horizontal  axis,  we  will  find  the  temperature  of  the  combus¬ 
tion  products  accounting  for  dissociation. 

The  closer  the  composition  of  the  mixture  is  to  stoichiometry  fo(*  1)  and  the 
lower  is  the  absolute  pressure  in  the  chamber,  the  more  significant  will  be  the  low¬ 
ering  of  the  temperature,  caused  by  the  dissociation. 

Thus,  for  example,  when  1,  »  b,  T^  =  216 .9°S,  »  10,500  kcal/kg,  the 

pressure  in  the  chamber  p  «  1  kg/cm^-  i^  «  ,$2  kcal/kg j  =  218  kcal/kg,  and  '  ij 
the  temperature  of  the  combustion  products  acco\mting  for  the  dissociation  is  equal 
to  25b6®K,  but  without  accounting  for  dissociation  (p  *  CO)it  is  equal  to  28lOOK,  Under 
these  conditions,  dissociation  lowers  the  temperature  by  310®. 
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Fig.  FO.  The  u  -  T  dia^ams  of  the  combustion  products  of  kerosene  accounting  for 
dissociation . 

•a  — 1.0;  b  -  oC-  1.5;  c  oC  =  2.0;  d  -  «  -  , 

The  ^tentd nation  of  the  adiabatic  heat  content  ^op  h  ■  i^  -  ig  at  a  given 

jnressurft  drop  Ap  •  p^  ”  P2  derived  from  the  i  r  a  diagram  (see  Figure  93, 

/  / 

inserts  at  the  end  of  the  book).  Ve  locate  the  enthalpy  of  the  gases  on  the  • 


vertical  a^s  and  draw  a  horisontal  line  to  the  point  vhere  it  intersects  the  curve 
i  •  f(a),  corresponding  to  the  initial  pressure  p^.  The  decrease  of  gas  enthalpy 
during  an  expansion  ilthout  losses  (s  ■  const)  from  the  pressure  pi  to  the  pressure 
P2  is  measured  by  the  length  of  the  vertical  line  AB,  below  the  curve  i  •  f  (s)  corre- 
qMndihg  to  the  pressxire  P2  (Figure  9U) ; 

h  •  in  -  i2 

*  *  .  “  ■  '  *  ' 
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Fig.  92.  The  i  -  T  diagrams  of  the  combustion  products  of  kerosene,  accounting  for 
dissociation. 

a  oC®  l.Oj  b  —  o(  =  1.25'j  c  —  oc  ■  2.0;  d  —  c(  *  so. 

At  high  temperatures,  when,  it  is  necessary  to  consider  that  the  combustion 
products  are  dissociated,  the  thermal  drop  during  discharge  from  a  nozzle  is  deter¬ 
mined  by  the  i  -  s  diagram. 


SECTION  7.  THE  CC»-®USTI0N  OF  FUEL  -  AIR  MIXTURES 

The  phenonena,  which  occur  during  the  combustion  of  a  fuel-air  mixture,  may  be 
divided  into  physical  and  chemical  effects.  The  diffusion  of  the  active  nuclei  from 


I 

Fig.  9U.  The  determination  of  the  heat  content  drop  by  the  i  -  s  diagram  during  an 
expansion  vith  losses. 

the  combustion  zone  to  the  unburned  gas;  the  thermal  drop  from  the  combustion  area  to 
the  colder  gas;  the  turbulent  mixing  of  the  burning  gases  vlth  a  fresh  mixture:  the 
radiant  energy  of  the  flames;  and  others  belong  to  the  physical  phenomena.  The  disint^- 
^rtAion ,the  ftea^coii^Jleatt  mplectiles  to ‘more  simple  ones^  occurring  under  the '  action  of 
collisions  vith  the  fast  moving  molecules  of  the  burning  gases;  the  formation  of  inter¬ 
mediate  products  during  the  union  of  the  dissociated  fuel  molecules  vith  oxygen;  the 
formation  of  the  final  combustion  products;  and  others  belong  to  the  chemical  pheno¬ 
mena. 

During  various  combustion  conditions  vith  various  fuel  substances  and  vith 
various  fuel  mixtures,  the  processes  may  be  characterized  by  various  physical  and 
chemical  phenomena.  Therefore,  attempts  to  cover  all  the  problems  of  combustion  by 
a  single  theory  have  not  vorked  out  veil  up  to  the  present  time. 

Without  going  into  a  minute  account  of  the  theory  of  combustion,  ve  will  brief¬ 
ly  describe  those  basic  facts  which  will  be  encountered  during  a  study  of  combustion 
chambers . 

The  combustion  reaction  of  a  fuel  mixture  with  air  occurs  in  a  gaseous  phase, 
since  the  ignition  temperature  of  liquid  fuels  is  far  higher  than  the  boiling  tempera¬ 
ture.  Therefore,  evaporation  and  mixing  with  the  air  precedes  the  ignition  of  a 
liquid  fuel. 

The  ignition  of  a  fuel-air  mixture  is  accomplished  by  means  of  one  or  another 
ignition  sources.  The  most  prevalent  are  the  following;  an  electric  spark;  a  wire, 
heated  to  incandescence  by  a  current;  a  pilot  light;  an  incandescent  body;  adiabatic 


compression j  all  of  which  increase  the  tempera tui'e  to  a  point  sufficient  for  ignition. 

Legenf.j 

A)  Combustion  products 

B)  FLame  front 

C)  Fresh  mixture 
P)  Tyospl  *  '^ignition 
Ej  Reaction  area 
F)  Heating  area 

Fig.  95 .  A  schematic  of  flame  front  formation  during  normal  comibustion* 

The  various  possible  forms  of  combustion:  laminar,  turbulent .  and  detonation  ^ 
are  dependent  on  the  temperature,  degree  of  turbulent  mixing, and  means  of  ignition. 

These  forms  of  flames  correspond  to  their  forms  of  combustion:  laminar,  turbu¬ 
lent  ^  and  detonation  flames. 

The  surface,  which  separates  the  combustion  area  from  the  unburned  gases  is  . 
called  the  flame  front  (Figure  95)* 

The  lajidnar  diffusion  of  a  flam.e  is  represented  by  the  propagation  of  a  flam.e 
front  into  the  unburned  gas,  and  is  brou^t  about  by  sieans  of  the  molecular  migration 
of  heat  and  matter  v/hich  is  the  determining  factor  in  the  matter  of  flioae  propaga¬ 
tion:  the  migration  of  heat  or  diffusion,  be'eift' 

definitely  established.  The  velocity  of  the  propagation  of  a  laminar  flame  front  in¬ 
to  an  unbumed  gas,  measured  along  the  normal  to  the  fiajxj  front,  is  called  the  nor¬ 
mal  velocity  of  flame  propagation  or  the  fundamental  velocity  of  flame  spread  u^,. 

Burning  gases  become  heated  and  expand.  Therefore,  the  propagation  of  the  flame 
front  relative  to  a  fresh  gas  is  superiimxjsed  upon  the  movement  of  the  gcis  as  a  ’.Thole, 
Trhiph  (the  movement)  is  brought  about  by  thermal  ej^ansion,  convection,  and  other  fac~ 
tors.  The  velocity  of  the  raovenent  of  the  combustion  zone  is  relative  to  the  Malls  of 
the  combustion  chamber  v.  The  velocity  vector  is  normal  to  the  ’flame  front,  and  is 
equal  to  the  geometric  sun  of  the  normal  flai.V3  velocity  and  the  velocity  of  the 
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gas  as  a  /.’hole  v:: 


(6.66) 


The  velocity  of  the  gas  motion  v  is  deteritlned  by  the  Auditions  of  test. 

1# 

I  The  norir^l  velocity  of  the  flaii.e  depends  upon  the  nature  of  the  gas  ffdxiurc, 

I  upon  the  temperature,  and  upon  the  pressure.  Vfith.  an  increase  of  the  temperature  of 

I 

I  the  gases  T,  the  velocity  of  the  molecular  movement  increases,  th  chemical  reaction 
I  develops  faster,  the  heat  conductivity  and  diffusion  increase,  and  the  normal  velocity 
I  of  the  flame  oropagation  -au^biEtkf.  During  a  decrease  of  pressure  o  <1  abs^  atmV 

'i  "  ’  '  '  ‘  ’ 

I  velocity  of  the  flame  spread  increases  someT.-hat.  The  influence  of  a  pressure  increase 

I 

t  on  the  propagation  velocity  has  been  insufficiently  investigated. 

'[  The  normal  flame  velocity  of  stoichiometric  hydrocarbon- air  mixtures  vil],  be  on 

i 

'  the  Oider  of  O.ii  m/sec  at  normal  temperatures.  During  the  leaning  out  or  enrichment 

,  of  a  mixture,  the  normal  flame  velocity  falls.  The  normal  velocities  of  unsaturated 

#• 

> 

hydrocarbon  -  air  mixtures  is  usually  soiasvrhat  higher  than  for  saturated  mixtures 
'•  (Table  6.8). 

Table  6.6 

NORMAL  FLAME  PROPAGATION  VELOCITIES  OF  HYDROCARBONS  AT  20®  C 


on 

Ifydrocarbon- 

Uji  cm/sec 

1  Volume 

Concentration 
r  % 

\  X  * 

Ratio  of  the 
Hydrocarbon 
»yeight  to  the 

*  i 

•Bthane 

6,28 

0,153 

in- 

Propane 

99.0 

4,54 

0,0724 

Butane 

37,9 

3,52 

0,0732 

Pentane 

38,5 

2,92 

0.0748 

Hexane 

36,5  . 

2.51 

0,0764 

.Heptane 

38,6 

2,26 

0,0798 

Ethyne 

68.3 

7,40 

0,0773 

Lame 

Propyne 

43,8 

5,04 

0,0770 

Butyne  1 

43,2 

9,87 

0,0780 

)10> 

1  Pentyne  1 

42,6 

3,07 

0,0766 

rac~ 

HejQrne  1 

42.1 

2,67 

0.0796 

VJe  vill  consider  the  formation  of  a  laminar  flaxue  front  (see  Figure  9^)  which 
spreads  in  a  fresh  gas.  We  will  designate  the  temperature  of  the  unburned  gas  before 
the  flam.e  front  by  Tx>  the  temiperature  behind  the  front  by  T  .  This  temperature  is 

I  ’ 

Viose  to  the  possible  maximum  for  a  given  com.position  of  the  mixture.  At  a  normal 
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pressure,  the  thickness  of  the  flar.e  front,  as  shc>.T.  by  Schlieren  photography,  vdll 
06- 6ns  the  order  of  O.J;  rur..  During  a  decrease  in  the  pressurcj  this  thickness  in¬ 
creases  to  several  irdilimeters*  The  t^perat^e  of  a  fresh  gas,  vhich  enters  a  flame 
front,  increases,,  thanks  tu  the  heat  supply  from  the  reaction,  area,  and  finally, 
rea  hes  i^itioh  temperature  fygp  (see  Figure  95) ,  after  which  the  chemical  reaction 
of  oxidation  develops;  in  the  gas  and  is  accompanied  by  the  release  of  heat.  The 
flame  front  nay  be  divided  into  the  heating  zone  and  the  reaction  zone.  The  heat, 
<’hich  is  released  in  the  reaction  zone,  goes  partially  to  heat  the  burning  nixture 
ind;  is  partially  ^passed  on  to  the  fresh  gas  before  the  flame  front. 

During  the  heating  of  a  fresh  mixture,  the  fuel  molecules  form  radicals,  sever- 
1  of  iddch  possess  great  chemical  activity.  The  reaction  of  the  fuel  particles  in 
combining,  >dth  the  oxygen  of  the  air  occurs  vdth  the  assistance  of  the  so-called  ^Sr 
dve  nuclei  —  the  radicals  of  H.  OH.  and  0^  which  are  formed  in  the  reaction  zone, 
he  diffusion  of  the  active  kernels  into  a  fresh  mixture  is  one  of  the  causes  of 
lame  propagation. 

A  flame  front  >7hich  is  propagated  into  a  gas,'swWch  Is'stAtionary  in ’rcOLatioh  to 
he  ignition  source^is  represented  by  a  spherical  surface  (Figure  96a).  The  flame 
Yont  which  is  propagated  into  a  gas,  irtdch-iibveS’^^  relation  to  the  i|nitioh- 
iource  at  a  velocity  of  w^is  represented  by  a  conical  surface  whose  apex  angle,  as 
Irst  shown  by  V.  A.  Michelson,^  is  such,  that  the  normal  component  of  the  flow 
elocity  Vjj»ir  sinO< proves  to  be  equal  to  the  normal  velocity  of  flame  propagation  u^s 

«,*w$In«.‘  (6.67) 

The  velocity  of  the  air  flow  w  and  \he  included  angle  of  the  combustion  cone 
€<  are  not  difficult  to  measure  by  test.  The  normal  velocity  of  flame  propagation 
-3  roxputed  according  to  Kichelson's  formula  (6.6?). 

^Combustion  Process,  Nevr  York,  1956. 

A.  Michelson,  Norntal*naya  skorost*  vosplameneniya  v  gremuchikh  smetr/akh 
formal  Ignition  Velocity  in  Detonating  Mixtures/,  1H90. 
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Fig.  96.  Various  cases  of  normal  flame  propagation. 

a  —  propagation  in  a  stationary  gas  from  a  point  source^  b  —  propagation 
in  flow  when  w>Uj^j  c  —  propagation  in  a  flow  when  w  =  u^. 

During  a  decrease  of  flow  velocity  w,  the  included  angle  of  the  combustion  cone 
increases  to  I8OO,  During  a  subsequent  decrease  w«:Up,  the  front  shifts  to  the  flov:.^ 

Laminar  combustion  occvu’S,  for  example,  in  a  Bunsen  burner  or  in  the  flame  of  a 
candle.  Turbulent  combustion  takes  place  in  the  combustion  chcuribers  of  jet  engines. 

Turbulent  combustion  is  represented  by  the  transfer  of  the  combustion  nuclei  to 
the  unburned  gas  by  the  turbulent  irasses  or  by  the  "kernels”  of  the  gas  (Figure  97). 
Turbulent  kernels  are  those  separate  masses  of  gas,  which  preserve  their  individuality 
for  soiae  time  and  vdiich  naj'’  bo  detected  by  the  eye  (^is  during  the  movement  of  smoke)  or 
'mqy  be  observed  i.i  instantaneous  photographs  (see  ^'ig,  101).  The  separate  kernels  of 
a  gas  in  a  turbulent  flow  create  irregular  vortex  movements,  reminiscent  of  the  thermal 
movement  of  gas  molecules.  The  value,  which  characterizes  the  size  of  the  kernels,  is 

^  ^V.  A.  Nichelson,  Normal’ naya  skorost*  vosplamoneniya  v  grer.uchikh  smesyakh 

j^ormal  Ignition  Velocity  in  Detonating  ••ixture^,  1B90. 
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ig.  97  *  Photography  of  a  turbulent  combustion  flame  during  an ‘exposure  of  two 
microseconds. 

a  —  single-phase  mixture j  b  —  tvc-phase  mixture, 
ailed  the  scale  of  tiirbulence.  The  root  mean  square  velocity  of  the  kernels  in  re- 
ation  to  the  gas  is  called  the  pulsation  velocity .  This  velocity  always  varies  and 
s  vectorally  added  to  the  velocity  of  the  flow..  Therefore,  the  true  velocity  of  a 


urbulent  flow  in  relation  to  the  vails  of  a  combustion  chamber  always  varies  (Figure 
‘8),  The  variable  velocity  of  a  turbulent  flow  and,  consequently,  the  Vv'tlue  of  the 
■ulsation  velocity,  may  be  measured  with  the  aid  of  a  hot  wire  anemometer,  the  sensi- 
ive  portion  of  which  is  a  resistance  thermometer,  composed  of  a  very  thin  wire  heated 
y  an  electric  current.  Xhis.adxe.jLa.co2»Tep.^ad-iclth...oae  arns-oLAJih^tstone 

■ridge  (Jig.  99)*  The  hot  vare  is  inserted  in  the  flow  to  be  studied.  The  grealer 
he  instantaneous  velocity  of  the  flow  in  relation  to  the  heated  wire,  the  greater 


4 

s  the  velocity  of  the  heat  conductivity,  the  more  the  temperature  of  the  wire  will 
irop,  and  the  less  will  be  its  resistance.  The  resistance  measurement  of  the  wire, 
nserted  in  a  turbulent  flow’,  is  recorded  by  a  low-reluctance  oscillograph  (see 
igure  99).  The  root  mean  square  comjponent  of  the  pulsation  velocity,  determined  by 


in  oscillogram,  is  directed  along  the  axis  of  the  flow 
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(see  Figure  ^8) . 


Fig.  98.  The  pulsation  velocity  of  a  turbulent  flow,  measured  by  a  hot  wire  anemometer. 
--  •  .  . 


.  .1 

I 

•  >ei:, 


R,  ^ 


'  Hunrtt- 


Legend: 

A)  To  the  an^jlifier 

B)  Filament. 

C)  Tube 

0)  law 

S)  Hot  Tare  anemometer 

F)  An^^lificr 

G)  Oscillograph 


fiL  l - J  6il- - J 

*y  OcHUMOeoaw 

Fig.  99.  The  measurement  of  pulsation  velocity  by  a  hot  wire  anemometer, 
a  —  general  schematic  of  a  hot  vdre  anemomietsr. 
b  ~  instrumentation  schematic. 

Thv^  ratio  of  the  root  mean  square  pulsation  velocity  to  the  average  velocity  of 
the  flow  is  called  the  tiirbulence  intensity  ^  : 


'  (6.68) 

Grilles  made  up  of  rods,  plates  or  vires,  and  also  poorly  streamlined  bodies, 
increase  the  degree  of  turbulence.  The  seals  of  the  turbulence,  i.e.,  the  size  of 
the  turbulent  kernels,  is  of  the  order  of  the  size  of  the  grille  m;esh.  The  intensity 
of  the  turbulence  depends  on  the  configuration  of  the  rods,  and  on  the  relative  block¬ 
age  of  the  cross  section. 

^  Flame  propagation  in  a  turbulent  flow  is  substantially  different  from  that 

P 

which  is  observed  in  a  stationary  medium  or  in  a  laminar  flow. 

The  widely  disseminated  conception  of  turbulent  combustion  in  use  today  was 
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adyanceu  bi?  K.  I»  -IfiChelkin,  correspona-i-ng  ir.sii" ber  oi'  ziie  Aca-e.  y  o:  Sciences,  la 

1?U3.  According  to  Shchelkin's  theory,  the  turbulent  pulsations  of  velocity  distort 
•  lud.nar  flawe  front.  The  surface,  vMch  separates  the  burning  and  fresh  gas  in  a 


Fig.  100.  Schematic  of  turbulent  flame  front  formation  (according  to  Shchelkin). 
Legend:  A)' iVrinlcled  frontj  B)  Stabilizer  and  ignition  source. 

turbulent  flow,,  proves  to  be  wrinkled  (Figures  97  and  100a)  .  During  the  time  in  which 

the  area  of  normal  combustion  spreads  with  a  velocity  of  Uj^.  and  is  displaced,  at  a 

distance  of  ^  ^  turbulent  "wrinkle”  is  displaced  a  greater 

distance  x-f  *  n,  t:  and  transmits  the  combustion  to  the  fresh  mixture  (Figure  100b). 

The  velocity  oi  the  turbi^ent  flam*e  propagation  u^  is  as  many  tim.es  greater  than  the 

normal  velocity  of  flame  ^iropagation  as  the  surface  of  the  wrinkled  front  is  greater 

than  the  smooth  surface  of  a  laminar  front 

"  4. 


•m 


where  B  ir  a  certain  cocfficierit,  hardly  distinguishable  from  1  (one)  and  determined 
by  an  experimental  method.  Otherwise: 

As  long  as  the  normal  velocity  of  flam.e  propagation  Ujj  is  m.easured  in  tens  of 
centimeters  per  second  (see  Table  6.8),  then  during  large  pulsation  velocities  w^u 


ajMkiC 


tW. 


(6,71) 


The  velocity  of  turbulent  combustion  ceases  to  depend  upon  the  nature  of  the  fuel, 
and  is  determined  by  the  pulsation  velocity  or  the  turbulence  intensity  that  corres¬ 
ponds  to  it. 

The  incidence  angle  of  the  turbulent  com.bustion  zone  to  the  direction  of  the 
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undisturbed  flow,  in  accordant s  with  Kichelson’s  forniula  (6.67),  is  then  deterinined 
only  by  the  intensity  of  the  ttsrbulence  E. 

.  (6.72) 

Shchelkin's  formulas  arc  justified  by  experience  only  to  the  first  approximation. 

During  the  past  years  Ye.  S.  Shchethikov  and  abroad,  K.  Surmerfield,  developed, 
independently  from  one  another,  the  theories  of  volumetric  turbulent  combustion,  in 
accordance  with  which  combustion  occurs  not  in  a  distorted  flame  front,  but  in  the 
entire  volume  of  the  flame  jet,  v:hose  temperature  gradually  increases  as  it  recedes 
.from  the  ignition  source. 

Schlieren  photographs  of  the  individual  turbulent  kernels  of  a  biirning  gas  are 
depicted  in  Figure  101. 

The  theoretical  and  experimental  investigation  of  turbulent  combustion  is  still 
far  from  being  finished.  The  experimental  data  obtained  at  the  present  time  seem  to 
,  ♦i»wiwaac''of* -gB»ii«»acgdf^'t>urbu]bcTiee»~^^  cMttriMites  td'  an  in*' 

“'OTiiae’  inr‘  iiie*gr6iriK"of *  coatousfcidn  velocit^^. 

Under  certain  conditions  a  quiet  turbulent  combustion  may  change  into 
a  pulsating  or  detonating  combustion. 

A  detonating  combustion  is  represented  by  the  propagation  of  the  reaction  zone 
with  an  extremely  high  velocity:  from  1000  to  3000  m/sec.  A  reaction  zone,  which  is 
propagated  with  a  high  velocity,  is  called  a  detonation  wave.  The  works  of  Ya.  B. 
Zel'dovich  brought  an  important  contribution  to  the  theory  of  detonation. 


Fig.  101,  Photographs  of  burning  turbulent  kernels. 


F-TS-97i40A 


191 


Detonation  vaves possess  certain  iisportano  characteristics.  The  velocity  of  a 
detonation  vave  does  not  depend  upon  the  dimensions  of  the  combustion  chamber  if  its 
diameter  is  ^eater  than  a  certain  limiting  value.  The  propagation  velocity  of  a  de¬ 
tonation  vave  is  little  dependent  upon  the  initial  temperature  and  pressure.  Thus, 
for  example,  the  propagation  velpcity  of  a  detonation  in  a  stoichiometric  mixture  of 
hy^ogen  and  oxygen  during  a  pressure  change  from  . 200  to  1^00  inrx  of  mercury,  i.e,,  7 
times  more,  changes  from  2630  to  2870  m/sec,  and  during  a  temperatiire  change  from  10 
to  iOO°C,  --  fronj  2820  to  2790  m/sec. 

The  velocity  of  detonation  vaves  depends,  in  a  large  degree,  upon  the  nature 
of  the  fuel  and  oxidant  and  upon  the  composition  of  the  mixture:  dxuring  a  leaning  out 
of  the  mixture,  the  detonation  velocity  diminishes.  V.'ith  sufficient  leaning  out,  det¬ 
onating  combustion  changes  to  the  usual  slow  flame  spread.  Detonation  effects  are 
connected  ifLth  shock  waves. 


A  combustion  detonation  appears  when  an  increase  of  temperature  in  a  shock  wave 
is  sufficient . for  the  ignition  of  the  mixture.  The  velocity  of  a  detonation  is  equal 
to  the  propagation  velocity  of  a  shock  wave  in  the  combustion  products  at  the  tempera¬ 
ture  that  is  established  at  the  end  of  combustion. 


In  piston  engines  a  combustion  detonation  ("knock"),  which  leads  to  the  chij)- 


"oT  thtfplstotr  Md  w^tu^iioir  ,  The  possi-.- 

•bilily ‘of  using:  detbhatlng  •combustion  in  jet  engines  has  not  yet  been’  sufficiently’ 

tt«di^.*  v. 


SSCTION  8.  IGNITION  LIMITS  OF  HYDROCARBOJiS .  IGNITION  LAG. 

The  flame  from  an  ignition  source  may  be  propagated  along  the  entire  volume  of 
the  mixture  only  during  certain  conditions.  If  the  heat  liberated  by  an  ignition 
source  (sparks,  for  example)  is  insufficient,  the  mixture  will  not  ignite,  Bjy  chang- 
ine  miaefef#  ddfc^sition  certain' liiits  nay  be  reached  beyond  v;hich  no  local 
ignition  source  can  promote  combustion. 

The  highest  fuel-to -oxidant  ratio  in  a  mixture  at  which  the  ignition  of  the 
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the  lowest  fuel-to-oxidant  ratio  in  a  irdorture  at  viiich  the  i^ition  of  the  nix- 


ture  is;  st^l  possible,  is  cailed  the  lower  ignition  llfflt  (Table  6.9)  . 

Table  6.9 


IGNITION  CONCEOTHATI ON:  LIMITS  OF  HYDROCARBONS  IN  VOLWIETRIG 
PERCENTAGES  V:HENn  :p  .*  I 


Fon^a 

.Uolecuiar 

tfei^t 

Ignition  Limits 

Lower 

Upper 

\  -  - 

Uethane 

CH4 

J6 

5,00 

15,00 

Ethane 

CjH*; 

29 

3.22 

12.45 

.  ^Hii 

100 

1.00 

6.00 

Octm 

114 

i 

0,95 

Ignition  limits  depend  upon  the  initial  temperature  and  pressure  of  the  mixture, 
upon  the  means  of  ignition,  and  upon  the  gas  constant.  V/ith  an  increase  of  the  tem¬ 
perature  of  the  mixture,  and  viith  an  increase  in  the,  energy  of  the  ignition  source, 
the  ignition  limits  are  expanded  (Figure  102b)  •  The  ignition  limits  for  a  gas  flow 
are  usually  different  than  those  for  a  stationary  gas. 

A  pressure  variation  also  influences  the  ignition  limits;  if  the  pressure  drops 
below  that  of  the  atmosphere,  the  ignition  lindts  shrink  and  finally  coincide:  igni¬ 
tion  becomes  iii^)ossible .  If  the  pressure  becomes  higher  than  that  of  the  atmosphere, 
the  ignition  limits  are  altered  insignifieantly.  For  some  mixtures  an  increase  of 
pressure  causes  an  expansion,  for  others  —  a  constriction  of  the  ignition  limits. 

The  ignition  limits  are  connected  with  the  flame  propagation  velocity  u:  if 
u  »  0,  the  flame  in  the  ndxture  is  not  propagated,  combustion  is  impossible,  and  the 
•upper  and  lov^r  ignition  limits  coincide  with  one  another.  Ivith  ah  increase  of  pro¬ 
pagation  velocity,  occurring  for  example  during  a  temperature  increase  of  the  mixture, 
the  ignition  limits  are  expianded .  ^  , 

The  fraction  of  fuel  in  a  mixture  at  the  upper  and  lower  ignition  limits  is 
usually  expressed  in  volumetric  percentages  r,  from  which  it  is  not  difficult  to 
derive  the  gravimetric  fraction  or  the  excess  air  coefficient  c(t  if  the  molecular 
weigbts  of  the  fuel  and  of  the  air ^^are  known. 
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Legend: 

a)  Ignition  pressure 

xn  a!bs«  atin* 

b)  Ignition  area 

c)  Cold  f lanes 

d)  31o*t  reaction  area 

e)  jJcaction  velocity 
ec  f)  Tenperature  in  °C 


Fig.  102.  Ignition  limits. 

A  —  Dependence  of  the  ignition  pressm'e  upon  the  temperature;  3  —  Depend¬ 
ence  of  the  reaction  velocity  upon  the  temperature  during  various  pres¬ 
sures  (in  mm.  of  mercury);  C  —  Dependence  of  the  composition  of  a  mixture 
upon  the  temperature. 


The  partial  pressure  of  the  fuel  and  the  air  in  a  fuel  mixture  is 

p,=rp:p.^H—r)p- 


(6.73) 


The  gas  constant  of  the  fuel  is 


The  gravimetric  fractions  of  the  fuel  and  the  air  in  1  m^  of  a  mixture  is 


(7=-£l_«_5L.  g  ^  ^  —O-Qp 
"  /itT  nj  *  ■  R,T 


The  excess  air  coefficient  is 


g._  Or  _  y* 

LGu  rL  Hr 


(6.71z) 


(6.7^) 


The  combustion  of  a  mixture,  which  lies  within  the  ignition  limits  for  ignition  by 
a  spark,  does  not  occur  instantly,  but  after  the  passage  of  a  measurable  period  of  time. 
The  time  which  elapses  from  the  moment  the  fuel  mixture  is  ignited  to  the  moment  the 
flame  front  appears,  and  may  be  registered  is  called  the  ignition  lal^.  An  ignition 
lag  is  usually  observed  during  the  ignition  of  a  fuel  mixture  in  a  gas  cylinder  ^  The 
pressure  increase  in  the  cylinder  is  recorded  by  an  oscillograph.  During  the  igni¬ 
tion  lag,  the  pressure  does  not  increase  greatly  (Figure  103) .  At  the  expiration  of 
the  ignition  lag,  a  pressure  increase  occurs  at  a  great  speed  and  ends  when  the  entire 
ndjcture  is  burnt.  An  ignition  lag  is  observed  during  the  ignition  of  mixtures  of 


hydrocarbons  and  air.  The  transformation  from  the  ignition  lag  to  the  reaction, 
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vhlch  proceeds  with  a  noticeable  velocity,  occurs  gradually. 

^  X^O^^CTld  * 

^  a)  Terrdnal  pressure 

/  Jn.  3)  Initial  .  rcssure 

iD/tavayroMot  /  C )  Time 

*\  —  t  ^  StJeMu 

Fig.  103*  Variation  with  time  of  the  reaction  rate  of  the  oxidation  of  hydrocarbons, 
t  ~  ignition  lag.  The  curves  a  and  b  refer  to  mixtures  of  h:^o~ 
carbons  with  oxygen,  the  curve  c  refers  to  the  same  mixture  after  an 
addition  of  aldehyde. 

The  exD.stence  of  the  ignition  lag  is  explained  by  the  fact  that  the  hydrocarbon 
molecules  do  not  unite  iinriediately  with  the  oxygen,  and  the  reaction  has  a  chain 
mechanisir:.  In  the  course  of  the  ignition  lag,  a  sufficient  quantity  of  active  pai-ticies 
in  the  mixture  accumulate,  the  presence  of  which  is  necessary  for  the  development  of 
chain  reactions  which  result  in  the  oxidation  of  the  hydrocarbons.  A  small  addition 
of  aldehy'des  shortens  the  ignition  lag  (Figure  103,  curve  c). 

Example .  Find  the  greatest  and  least  excess  air,  during  which  the  combustion 
of  heptane  is  possible  when  rp  «  l^j  Vy  -  6%, 

The  carbon  content  in  heptane  is  0.8It,  hydr*ogen  —  0.16,  L  =  0.81rll.5''0.l6* 

3h.$  *=  15.17. 

Using  formula  (6.73),  we  determine:  the  greatest  excess  air  (lover  limit) 

W-28.9  .  _ 


least  excess  air  (upper  limit) 


SECTION  9.  FLAMS  STABILIZATION 


■“  MOO.15,17  ~ 


94-28.9  _ 

6-100-15.17 


If  a  flow  of  a  fuel  mixture,  whose  composition  is  within  the  ignition  limits, 
passes  an  ignition  source  (an  electric  spark,  for  example),  whose  power  is  insufficiently 
great,  at  a  high  velocity  (about  100  ir./sec),  then  the  heat  balance  proves  to  be  un¬ 
favorable,  the  mixture  teriipei-ature  does  not  reach  T^^p,  and  the  mixture  does  not  ig¬ 
nite.  To  insure  the  uninterrupted  ignition  of  the  quickly  moving  flow  of  a  fuel 
^jj^xture,  the  ignition  source  (an  electric  spark,  for  example)  is  located  bohird  a 
poorly  streamJined  body,  for  example,  a  cone,  which  faces  tc;;ards  the  flow,  or  a 
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plate  behind  vhich  a  vortex  zone  is  forp.ed  vherc  the  gas  flov/  lecirculates  (Figures 
lOU  and  105). 


Legend: 


A)  Plane  j^arse  holder 
3)  j\rea  of  reversed 
flow 


Fig.  lOh.  Recirculation  zone  behind  a  poorly  streainlined  body. 

The  area  of  counter  flow,  in  which  the  ignited  n:asses  of  gas  are  recirculated, 
serves  as  an  ignition  source  for  a  fresh  irdxturei 


A  poorly  streainlined  body,  which  holds  back  the  flajne  in  the  recirculation  zone 


is  called  a  baffle  flajr.e  holder. 


Flat,  coriical,  corrugated,  cylindrical,  and  other  fornis  of  flair.e  holders  are 
used  (see  Figure  lOii) .  Flame  stabilization  is  possible  also  in  the  boundary  layer 
and  in  counter  flow. 


71  It 


■i 


id) , 


i- 


t  •  . 


Fig.  105.  Photographs  of  the  combustion  zone  behind  the  flame  holders. 

a  —  multiple  flame  holder  (time  exposure),  b  —  the  same  flame  holder 
(instantaneous  ScMieren-photor^aph),  c  —  simple  flame  holder  (time 
exposvire),  d  —  the  same  flame  holder  (instantaneous  Schiicren-photograph) . 


At  a  certain  flow  velocity,  Vgj.,  the  flame  of  a  homogeneous  mixture,  the  com¬ 
position  of  which  is  within  ignition  limits,  blows  away  from  the  flame  holder  and 
combustion  ceases. 

According  to  the  thermal  theory,  the  action  of  a  flame  holder  is  as  follows. 
Continuous  combustion  occurs  in  the  vortex  area  behind  the  flame  holder  (see  Figure 
10ii).  The  cold,  turbulent  flow'  of  gas,  vMch  flows  around  the  flame  holder,  comes 
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into  contact  v.*ith  the  con.bisticn  area,  ana  r.eans  cf  a  turbulent  huat  exchant-e, 
obtains  the  heat  neccssar;.  for  its  ignition.  If  the  velocity  of  its  ir-oveRent  v  is 
great  or  if  the  ternerature  of  the  gases  in  the  ccr.bustion  zone  behind  the  flar.e 
holder  is  lov,  the  quantity  of  heai  that  the  fresh  jnixture  receives  v.lll  be  insuffi¬ 
cient  for  heating  it  to  the  ignition  ten:pei'ature  Tygp,  and  the  irixture  vill  not  ig¬ 
nite:  the  flair.e  vdll  blow  away  from  the  flar.e  holder. 

During  tests,  a  flame  holder  v.lth  a  knovai  relative  cross  section  Sg^  =  ^ —  is 
installed  in  a  combustion  chamber  and  the  velccit\  at  the  chairber  inlei  ^2  ^nertared 
(by  increasing,  for  example,  the  exi.aust  nozzle-  cross  section)  until  co.  lustier; 
takes  place.  iO.1  the  remalrdng  parjm.eters:  the  conpositicr.  of  rat  nixtur^  c(,  the 
temperature  T2  and  the  air  pressure  Pq2j  the  nature  cf  the  fuel,  ana  the  turbulence 
intensity  of  the  flow  5  —  must  be  constant  if  possible.  That  flru-e  holuer  whii  ;:, 


at  a  given  relative  cross  section  Sgx,  has  the  highest  blow  eff  velocity  v: 


sr 


=  w? 


t'j 


is  the  best.  Sometimes,  in  place  of  the  relative  cross  section  S^^,  the  drag  coeffi¬ 
cient  of  the  flame  holder  ^  is  given,  and  the  velocity  of  the  blew  cut  deterrlned  at 
a  given  drag.  However,  to  calculate  the  drag  coefficient  of  a  cor  .plicated  flar.e - 
holder  beforehand  is  usually  impossible.  Tests  shov:  that  the  blow  out  velocity  at  a 

s 

given  relative  flame  holder  cross  section  depends  upon  the  t  cometry  of  the 

flame  holder  and  upon  the  parameters  of  the  fuel  mixture. 


The  geometry  of  a  flame  holder  exerts  complex  influence:,  upon  the  blow  out 
velocity.  Certain  tests,  the  authenticity  of  v;hich  is  in  need  of  confirmation,  show 
that  the  blow  out  velocity  increases  with  an  increase  of  the  flar.e  hol..cr’£  perimeter 
so  long  as  the  transverse  dimensions  of  its  elements  do  not  becor;e  less  than  a  certain 
given  value.  Therefore  complicated  flame  holders,  constructed  froj;  radial  or  concen¬ 
tric  gutters  or  of  rods,  retain  the  flam.e  better  than  a  conical  holder  if  the  loads 
applied  to  the  cross-section;  are  eoual.  The  bio;/  out  vclocit  ’  increases  .dth  an  ' 
increase  of  the  rods'  ci’oss-sccbioii  (rigui'c  lV>). 

The  comnosibion  of  a  mixture  exerts  a  substantial  influence  upon  the  action  of 
a  flaiTie  holder.  Usually  the  blow  out  velocity  for  a  given  flaji»e  holcer  has  its 
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greatest  value  near  the  stcichicnetric  coir.position  (Figure  1C7}. 

Ivith  a  leaning  out  or  an  enrictunent  of  the  inixturs,  the  blov  out  velocity  de- 
f creases.  If'  th^'consxMs'itioi}  oi^-tbe  nSpcture  .shaafes  suiTiciently:^.  pulsating  combus- 
tiWi  bfe^t‘s.  .and  ends  with  the  breaking-aBray- of  ‘  the  nane.. 

The  temperature  of  the  mixture .  V.*ith  an  increase  of  the  irdxture  temperature, 
the  velocity  of  a  turbulent  combustion  increases  ovang  to  the  grovhih  of  the  normal 
vei'ccity  of  the  flame  propagation^  The  blow  out  lirdts,  for  a  given  velocity  and 
composition  of  the  mixture j  expand.  Therefore,  in  those  supersonic  combustion  cham¬ 
bers,  whei'e  the  stagnation  temperattjre  is  great,  higher  flow  velccitics  arc  porr.dsuiblo, 
and  the  limdts  of  stable  combustion  at  a  given  composition  of  the  ndxture,  prove  to  be 
vider  than  in  subsonic  combustion  chambers. 

The  phase  composition  of  the  mdxture  exerts  an  influence  upon  the  operation  of 
the  flam*e  holder.  A  large  portion  of  the  drops,  mioving  with  the  air,  do  not  flow 
around  the  flamie  holder  while  miOving  along  the  air  stream  lines,  but  strike  against 
its  surface.  Fuel  vapors  and  the  irdnutest  drops  penetrate  into  the  space  behind  the 
fla:r.e  holder.  If  the  surface  is  not  too  hot,  a  liquid  film  forms  on  it  and  runs  off 
the  rear  edges  of  the  flame  holder.  Under  the  influence  of  heat  transfer  from  the 
coobustion  zone  through  the  material  of  the  flame  holder,  and  in  co  sequence  of  the 
diffusion  of  vapors  into  the  oncoming  air,  the  film  evaporates  intensively ,  Tlie 
forming  vs^ors  are  carried  over  to  the  turbulent  ai'ea  of  bhe  flai.ie  holder,  enriching 
the  mixture  near  its  rear  edges.  The  average  excess  air  in  the  combustion  chamber 
is  seldom  less  than  C(gj,  =  O.C.  Since  the  drops  on  flame  holder  evaporate,  the  mix¬ 
ture  in  the  combustion  zone  is  enriched  without  cxcecdi  ig  the  combustion  liioits. 

If  the  average  excess  air  in  the  chamber  1,6,  combustion  of  tiie  tv/o-phasc 

mixture  is  not  curtailed,  since  the  fuel  evcipora.tion  of  the  flame  holder  enriches 
the  mixture  at  its  rear  edges  and  the  lean  blov/  out  occui’s  .vhen  >•  1.6,  Con- 
soquentlv,  in  a  two-phase  mixture  the  blow  out  of  the  flames  from  the  flame  holder 
occurs  at  lower  fuel-uo-air  ratios  tlia.i  durin;  operation  -..-ith  a  single~phr.se  mix¬ 
ture.  ./ith  an  i  icrcasc  of  the  flov;  velocity,  the  poih>ion  of  the  drops  v/hich  stril'.c 
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the  flarx-  holder  increases  j  therefore  in  a  XKOrphi.ee  rlxtur^  peer  tlcv  out  limits 
occur  at  lapge  average  air  ^excesses  for  high  flow  velocities.  Tv;o-phase  mixtures 
ar.f  ,r.6re  suitable  for  combustion  in  a  combusticn  ch^ber  equipped,  vi.th  a  flap-.e  holder 
than  are  single-phase  mixtures-. 

Ighition,  source .  An:.ign,tii;bh  sc^ce,  such  as  an  electric  spark  or  a  flame. 


Legend: 

A)  ''lov/  velocity  at 
the  chamber  inlet 
in  r/sec 

B)  Ltoichimetry 

C)  /dr/fuel  ratio 


Fig.  106.  The  influence  of  the  thickness  of  the  flame-holding  rods  on  the  derangement 
velocity,  with  an  increase  of  the  thickness. 

must  be  introduced  into  the  space  behind  the  flam.c  holder  for  the  initial  ignition 
of  the  mixture.  After  ignition,  the  ignition  source  may  remain  connected  and  car¬ 
ry'  otit  tho  fuaotldn  of  a  "pilot  li^t".  an  increase  of  the  heat  energy'  of  the 

ignition  soiu'ce,  the  blow  out  limits  at  a  given  velocity  and  given  composition  of  the 
mixture  are  expanded.  With  an  increase  of  the  degree  of  turbulence,  the  blow  out 
velocity  changes.  Turbulence-forming  screens  and  grilles,  used  to  miake  the  flow  tur¬ 
bulent,  are  installed  at  the  chamber  inlet.  The  installation  of  turbulence-forrdng 
screens  during  operation  on  rich  mixtures  decreases  the  blcv:  out  velocity.  During 
operation  on  lean  ndxtures,  the  influence  of  the  degree  of  tui’bulence  is  m.ore  cornlex. 

The  heating  of  the  flame  holder  expands  the  stabilization  limits  at  a  given 
.velocity  and  given*  composition  of  a  mixture.  Cooling  of  the  flarue  holdoi*  8*irinks  the 
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stabilisation  linits. 

ti))d/>acmo  uimepema 

tjfom  iz  do  tTQjnlceifV) 

P  Om  0,2  do  I,0kzIcM  *  ^ ) 

Pom  0,6  do  2,5  cm  P) 

Legend: 

A)  Ratio  5^ 

3)  Transition  area 
C)  Stabilization  parariijter 

.  .  i  6  ii)  20  io  M80m  >172  ^  ^7  from  12  to  170  m/sec  ^ 

■  Cj  ttapaMemp  cmadu/tusaHuu  Z-  ,%  ^  P  C,2  to  1,0  ’cg/ern- 
^  p  from  0,6  to  2,5  cm 

Fig.  107,  Depender.ee  of  the  stabilization  parameter  on  the  corposxtion  of  the  i,ly.tur: 

Calculation  Formitlae.  Detailed  research  on  flame  stabilization  was  carried  cut 
by  a  series  cf  scientists.  Figure  107  depicts  the  experimental  data  of  De  Zubay  v.ho 
stedi^-the-^abiliaation  of- flames ' of -preyipusly-  pr^ared  prppano-air  mixtures.- 
by  bodies  of  vaiicus  sizes  and  shapes  and  over  a  vdde  range  of  mixture  compositions, 
pressures  and  flov  velocities  (from  0,2  to  1  atm  and  from  12  to  170  m/sec)^. 


De  Zubay  found  that  7r~~r  ,  the  blow  out  limit,  is  a  function  of  the  stabi  li- 

‘  u».  «*. 

»  iM».  ±=./f— y 


gation  parameter  ^  /fo\i.s 


where  Tq  is  the  temiperature  at  which  all  experiments  were  carried  out;  Tq  ®  390°K; 
T  is  the  temperature  of  the  flow  in 
p  is  the  pressure  of  the  flow  in  kg/cm^; 
w  is  the  velocity  of  the  flow  in  m/sec j 
f  is  the  function,  approxiiriated  by  the  curve  in  Figure  107; 


D  is  the  hydraulic  diaricler  of  the  flame  holder  in  cm: 

2 

S  is  the  area  of  the  flame  holder  in  cm  ; 


(6.77) 


P  is  the  vetted  serii^eter  in  cm, 

*  ^ 

Example ;  For  a  stoichiom.etri  c  mixtui'e  of  pentane  with  air:  L  =  15;  wher  cC  =  1, 
1 

the  fuel-air  ratio  =  0.016?.  The  stabilization  parameter  according  to  the  graph 

of  Figure  107  is: 

— — — - 

De  Zubay,  Character  of  Disk  Controlled  Flames,  .4Gro  Digest,  61,  1950. 
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(6.78) 


Frorr.  this  "it  is  possible  to  find  the  yblocity,  pressure,  and  temperature  of  the 
flow  or  the  hydraulic  diar-eter  of  the  flanie  holder,  for  the  blow  out  condition,  if 


the  rerainihg  parameters  are  known. 

T 

If  the  velocity  of  a'  flow  v:  =  100  m/sec;  ^  =  Ij  p  =  1  kg/cm^,  then  the  least 
hydraulic  diameter  of  a  flame  holder  capable  of  maintaining  a  flame  is  equal  to 

jj^*»o^cn«9,4  EBj, 


SECm  U  10.  CGFHUSTICIi  IN  CliliAFIC  T’BSS 


Flame  holders  are  necessary  for  the  combustion  cf  hydrocarbon  fuels  in  corbus 
tion  chambers  having  metal  walls,  since  the  temperature  of  the  metal  walls  usually 
remains  lower  than  the  ignition  tempera tui’e  of  the  fuel  and  metallic  walls  are  not 


Fig.  108.  PhotoMraphs  of  combustion  in  stabilized  and  in  ceramic  combustion  chambers, 
a  r-  a  stabilized  combustion  chamber,  b  —  flame  at  the  outlet  of  a 
stabilized  coiribustion  chamber,  c  —  corbusticn  in  a  ceramic  combustion 
chamber,  d  —  flame  at  the  outlet  of  a  cera^idc  combustion  chamber. 

To  decrease  the  drag  of  the  combustion  chamber  experiments  were  carried  out 


upon  the  ignition  of  a  fuel  mixture  in  an  un-stabilized  combustion  chamber,  whoso 
sides  nay  heat  up  to  a  temioerature  which  was  close  to  the  flair.e  temperature.  In 


.  order  th?+  the  wrlls  should  maintain  a  temperature  which  was  much  higher  than  the  ig¬ 


nition  temperature,  cerandc  tubes  (Figure  108)  were  used  as  the  comb  s tion  chambsr. 
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The  corb^sVicn  efficieixy  of  the  hyerocsrbcns  in  a  cer^rJc  tube  is  clo>*  e  tvij 
lUC,t,  and  the  drag  ^  is  less  than  that  of  a  stabilized  conbustion  chamber.  Hov/ever, 
the  mechanical  strength  of  ceramic  chauibers  is  significantly  lox:er  than  that  of 
metallic,  and  the  surface  ‘cnit  v;eight  is  much  higher.  Therefore,  up  to  the  present 
time,  ceramic  combustion  chambers  have  net  founJ  a  use  in  jet  technology'.  The  heat- 
resistant  and  non-conductive  convenings  of  the  internal  surfaces  of  the  plates  of 
vhich  combupticn  cham.bers  are  m.ade  are  able  to  intensify  the  cembustier  process, 
decrease  the  length  of  the  combustion  zone,  decrease  heal  looses  through  the  v;alls, 
increase  the  cembustion  efficiency  an-'i  decrease  the  burner  drag. 
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CrLVr'rELl  VII 


,  CAaBUTiETIOJl 

r  _  _  ' 

The  fuel  used  in  ra:.jet  engines  vrhich  operate  on  a  r.clecjlar  energ;.-  source  is  in 
a  liquid  staue.  The  initial  velocity  of  an  air  flow  at  ths  inlet  to  a  conbustion 
chaHiber  ^.ounts  to  tens  of  ir./sec,  and  in  sorfic  combustion  chaa.bers  even  exceeds  100 
m/secj  the  stay  tine  of  the  fuel  in  a  combustion  chamber  docs  not  exceed  several  ndl- 
liseconds.  Iri  order  that  the  liqidd  fuel  be  able  to  burn  completely  in  such  a  short 
interval  of  time,  the  ignition  must  Le  preceded  by  3  careful  precar-:/ I of  the  f  .cl- 
aii-  mixture.- 

The  preparation  of  the  mixture  by  combining  vapor  ana  sKali  drops  of  fuel  vrlth 
the  air  is  called  carburetion. 


Carburetioh  censists  of  the  follo^cing  processes:  the  fuel  injection;  the 
breaking-doivn  of  the  fuel  stream  into  drops;  the  evaporation  of  the  drops,  and  the 
mixing  of  the  fuel  vapor  thau  is  formed,  vrlth  the  air. 

The  speed  and  completeness  of  the  combustion  depends  on  the  quality  of  the  mdx- 
ture  preparation.  Carburetion  is  one  of  the  most  important  stages  in  the  operation 
of  the  combustion  chamber  of  a  jet  engine. 

The  fuel  feed  is  accomplished  by  the  aid  of  containers  filled  v;ith  a  compressed 
gas  or  by  the  aid  of  a  punp  v;hich  is  placed  into  operation  by  a  special  motor  —  usual¬ 
ly  an  air  turbine. 


The  dispersion  of  ths  fuel  is  accomplished  by  the  aid  of  fuel  injectors:  the 
fuel  stream,  vhich  discharges  from  an  injector,  is  broken  dowi  into  separate  ndnute 
drops,  the  diameters. of  vhich  are  usually  measured  in  a  tenth  of  a  micron.  The  evap¬ 
oration  of  the  drops  vhich  are  moving  in  the  air,  occurs  because  of  the  heat  taken 
from  the  surrounding  gases  as  v:ell  as  from  their  ovtj  heat.  The  finer  the  drops,  i.e. 
the  greater  their  overall  surface,  and  the  greater  the  material  and  heat  transfer  co¬ 
efficient,  the  quicker  the  transmission  of  heat  and  the  evaporation  of  the  drops  will 
be.  The  injectors  must  be  situated  so  that  the  local  concentration  of  the  fuel-air 
mixture  that  is  formed  in  the  cor.fcustion  zone  is  within  ignition  limits.  The  evapora- 
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tion  of  the  drops  is  usually  accon.pll shed  in  the  sa:r.e  combustion  zone. 

The  interspersion  of  the  fuel  vapor  vrith  the  air  occurs  due  to  the  turbulence 
of  the  flov:  and  rcolecjlar  diffusion.  Vith  an  increase  of  turbulence  intons  ty,  the 
interspersion  orocess  is  accel.eratedj  the  distance,  at  vhich  the  districution  across 
the  entire  cross  section  of  the  combustion  chamber  is  ".aie  ’^niforr,  is  shortened. 

V.'e  vill  begin  the  study  of  carburetion  vdth  an  account  of  the  theory  of  fuel 
injectors. 


SmTlU  1.  DIdSCT-SPRAl  IMJECT0P3 

A  direct-spray  injector  is  represented  by  a  small  nozzle  vdth  a  narre*..' 
the  diameter  of  which  is  usually  in  the  region  of  a  tenth  of  a  millimeter  (Figure 
109).  • 

The  discharge  velocity  of  the  fuel  v  mav  be  found  from.  Sernoulli '  s  equauior; . 

o 

Ive  will  designate  the  excess  pressui'e  ahead  of  the  injector  inle  by  and  the 
density  of  the  fuel  by  ’^•g.  Then; 

r  tr 


(7.1) 


.X  e^ConjiO  . 

‘  ^^Hiuee  / 

&.)  p  %  lOOant  dc  ^ 

Fig.  109.  A  schenatic  of  a  direct-spray  injector. 


Legend : 

A)  Fuel 

B)  Mozzle 

C)  Y>  lUO  atm 


The  press'ore  losses  A'Pp^^^  are  usually  proportional  to  the  square  of  the  dis¬ 
charge  velocity; 


V. 


Ir^r 


(7.2) 

Here  S  is  the  loss  factor  or  the  drag  coefficient,  vhich  is  deterrdned  by  ir. 
experimental  method.  Substituting  the  equation  (7.2)  in  (?.l),  vo  obtain 

The  expression  i s  called  the  velocity  coefficient . 

The  velocity  coefficient  is  related  to  the  drag  coefficient 

The  velocity  coefficient  usually  lies  betvreen  the  limits  of  0.92  to  0.9^.  For 
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'f:«=0,95. 

One  Ray  find  the  discharge  of  a  liquid  3  froir.  the  velocity  and  size  of  the  in¬ 


jector  outlet  section  3: 


Q  *=  f  *=  V  2gi,i^p. 


(7.5) 


The  factor  ,  vdiich  is  equal  to  the  ratio  of  the  cress  section  area  of  a  spray 
to  the  injector  nozzle  area,  is  called  the  contraction  coefficient.  Vhen  the  dis¬ 
charge  in  direct-spray  injectors  is  from  an  opening  Kith  sharp  edges 


The  product  of  the  velocity  coefficient  and  the  contraction  coefficient  y 


is  called  the  discharge  coefficient  jA, 


(7.6) 


In  practice,  it  is  more  convenient  to  measure  the  disciiarge  coefficient  cr-: 

The  excess  pressure  of  the  fuel  supply  is  measured  by  a  manometer,  the  density 

of  the  liquid  —  by  a  hydrometer;  the  flov  per  second  is  determined  either  a  direct 

weighing  of  the  liquid,  which  flows  out  of  an  injector  in  t  time,  or  v.nth  the  aid  of 

special  fuel  flow  meters:  calibrated  orifices,  flov:  m.eters,  turbine  m*eters  and 

>  * 

others • 

For  changes  in  the  nature  of  the  liquid  (for  exam.ple,  when  benzine  is  substi¬ 
tuted  for  kerosene),  for  variations  of  the  liquid's  ter.persture  or  of  the  surplus 
pressure,  the  discharge  coefficient  of  a  direct-spra>  injector  is  insignificantly 
altered. 

The  stream  of  fuel,  which  discharges  from,  an  injector,  breaks  up  into  separate 
drops  during  interaction  with  the  sorrcundir.g  medium.. 

Example .  Find  the  discharge  velocity  and  the  flow  rate  cf  benzine  if  the  diam¬ 
eter  of  the  injector  nozzle  d^,  =  1  mm,  the  discharge  coefficient  =  0,6,  and  the 
velocity  coefficient  =  C,95  if  the  density  of  the  benzine  =  0.75  kg/m.^  and 
the  fuel-feed  pressure  =  10  kg/cr.^. 
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The  di^charre  vc-locit,;. ,  *r.  acccriance  v.-iih  [1 ‘Vj  )  is  ecual  :o 


«-r=fa, 


V 


M. 

7r 


Ve  express  all  values  in  the  technical  syrter.  of  units;  i\p  =  10  aur.  =  10 ‘lO"* 

0.75  =  750  y^z/rr}', 

iTj  =  0,95  19,6 


10*20^  / 

1,6— zr:—  =  48,5  ii^sec^ 


750 


The  exhaust  ooeninf-  is 


s  =  =  0,78 -10-6  .m2  =  0,78  mm'-  . 

The  hc-nsino  flcvr  rate  (7,5)  is 

G  =  0,G*0,78-10“6  I9,6-750-r(M(j4  ^  0,0179  ai/cck  =  17,9  gn/sec. 

GSCTi^'^  2.  ;jA.. 

Direct-spray  injcctcrs  alio::  £;ooa  dispersion  for  relat-ivt  velocities  of  10.' 
m/sec  and  higher.  To  obtain  good  dispersion  at  smaller  relative  velocities,  centrl - 
fugal  injectors  are  used. 

A  vortex  is  created  in  a  centrifugal  injector,  vhich  directs  the  stream  of 
liquid  into  a  rapidly  circulating  motion,  thanks  to  which  the  liquid,  during  discharg 
froiTi  the  injector,  mover  not  only  along  the  nozzle  axis  but  also  in  a  tangential 
direction  (Figure  110),  The  theory  of  ''ideal”  centrifugal  injsctors,  neglecting  the 
force  of  friction,  v:as  worked  out  by  the  Soviet  scientist.  Doctor  of  Technical 
Sciences,  Professor  G.  K.  Abramovich.  L.  A.  Klyachko  and  other  researchers  refined 
this  theory  more  precisely  for  the  case  of  the  flow  of  a  viscous  liquid, 

Many  forms  of  centrifugal  injectors  exist.  The  most  widely  used  injectors  arc 
those  with  a  tangential  fuel  supply  (Figure  111).  An  irjecttr  with  a  tangential  fuel 
feed  consists  of  a  vortex  chamber  and  an  exhaust  opening  --  with  a  nozzle  and  feed¬ 
ers  wnich  are  located  at  a  tangent  to  the  vortex  chamber.  The  fuel  enters  the  vortc/: 
cham.ber  at  a  tangential  direction,  moving  in  a  spiral  it  go^s  into  an  iriLensive 
rotary  movement  and  discharges  through  the  exhaust  nozzle.  The  an ’ular  velocity  of 
a  liquid  during  its  r^ovement  from  a  vortex  chanter  to  the  exhaust  c’^^enl r.g  of  the 
nozzle  increases  in  accordance  vlth  the  law  of  the  c.  nrervatien  of  momentum.  The 
particles  of  the  liquid,  which  are  exhausted  from,  the  nozzle,  and  sre  moving  in  an 
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axi^  as  as  a  «ango:.t,lal  directive*,  expand  into  a  conical!  shroud  Auich,  oven 
duu*ih£;  disch^ge  into  a  vacu’^T.  reaches  3r.axiiT.ujn  fineness  at  a  certain  distance  fror. 
the  injector,  loses  its  stability  and  breaks  dovjn  into  minute  drops  (Figure  112). 


axial  and  in  radial  directions.  A)  Injector. 

£t| 


I 


f^rdpiow  \A  floddodatnafi 
- - »  mpyfttcL 


* 


anno 


(^BuMpedai 


X 

w 


1  Legend  J 
'  A)  Fuel 

B)  Suppl:/  tube 

C)  Vortex  chaihber 

D)  iiozsle 


Fig.  111.  A  schematic  of  a  ce.ntrifugal  injector. 

The  velocity  of  the  discharge  from,  a  centrifugal  injector  is  determined  by 
Bernoulli’s  equation; 


■T.]/ 


(7.8) 


vhere  Ap  is  the  surplus  pressure,  vhich  represents  the  difference  between  the  pres¬ 
sure  at  the  injector  inlet  and  the  pressure  of  the  surrounding  m.ediumj 
Y  is  the  density  of  the  liquid j 
is  the  speed  ratio. 

For  an  ideal  injector  =  1. 

The  velocity  vector  of  the  discharge  is  composed  of  the  tangential  and  axial 
components: 


(7.9) 

f  A  ’ 

ir_~wcos-^, 

2 

(7.10) 

(7.11) 

where  e(  is  the  included  spray  angle  of  the  dispersion  jet. 
The  weight  flow  rate  of  the  liquid  is 
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(7.12) 


vhere  S  is  the  area  of  the  nozzle  exhaust  opening; 
is  the  discharge  coefficient. 

The  theory  of  ideal  centrifugal  injectors  is  used  to  doterrlne  the  discharge 
coefficient  of  an  injector  the  dispersion  included  spra>  angle  Of.  the  contraction 
coefficient  <^,  and  the  thickness  of  the  spra^»  cone.  The  depth  of  the  spra^  cone  de- 
terirdnes  the  fineness  of  the  dispersion  of  a  liquid  by  centrifugal  injectors. 


Fig.  112.  Photograph  of  the  breakdovT.  of  a  liquid  spra^  cone  discharging  fror  a 
centrifugal  injector. 

For  non-viscous  liquids,  benzine  or  vater  for  exar.ple,  the  theory  of  an  ideal 
injector  offers  a  sufficiently  close  agreement  v.lth  practicej  for  more  vis  is  lic'd.dr 
—  for  example,  kerosene  or  diesel  fuel  —  it  is  necessary  to  introduce  corrections 
for  the  force  of  friction. 

The  momentujTi  K  of  a  liquid,  vhich  enters  a  cer.trifugal  injector,  is  equal  to 
the  product  of  the  velocity  at  the  inlet  tube  and  the  radius  of  the  tvdst  r^,  which 
is  equal  to  the  distance  from  the  axis  of  the  injector  to  the  axis  of  the  inlet  tube 
(see  Figure  111); 

During  the  flow  of  a  non-viscous  liquid  the  romontiur.  of  any  liquid  particle 
under  consideration  remains  constant: 

where  is  the  tange  al  corponent  velocity  at  the  nozzle  outlet j 
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ych^^esno2zl^:i=-  -  ^  ^ '  - '  _  -  v 

.During  _  the  approa&'  ip  the.  exhaust  opening  the  radius  of  the  circulation  r  de¬ 
creases.  and  the#  t.ahgsntiai  veTocrty  /grdws.i;  • '  ’  *  . 

^  Tending  to  wove  rectijinearly  because  of  inertiai  the,  particles,  of  the  tvdsted 
streair.  depart  frofr.  the  circulation  .axis  and  forw  a  cyilincri.cai  spray  cons  with  a 
depth-  of  $  (see  Figure  HI)  inside  the  hozzie,.  At  the  nbzzle  outlet  the  spra;.  cone 
expands  intc  a  .conical  surface..  The  greater  the  tangential  y.eicci-ty  of  the  slrsan, 
the  s.xailer  the  relative  death  of  the  sora;,  cone  •—  and  the  sr.allor  the  ccntractio;. 

...  '  ,  *  dc  ' 

vcpefficie.nt  of  the  no.22-Ie. 

The  ratio  of  the.  ring-shaped  section  of  the  discharging  strean.  to  the 
nozzle,  eyiiapst  section  is  called  the  contraction  coefficient: 


A  ^  * 


(J43) 


where  cl;.., ,v  is  the  diameter  of  the  air  vortex: 


d-^-  is  the  nozzle  diahster. 

The  thickness  cf  the  spraj  cone'  in  the  exhaust  nozzle  is; 

Ji 
2 


The  diameter  of  the  air  vortex  in  the  exhaust  nozzle  is: 

consequently,  the  relative  thickness  of  the  spray  cone  is: 

(7.1ii) 

In  the  theory  of  an  ideal  injector,  which  ve  will  not  set  forth,  it  is  indicated 
that  the  contraction  coefficient  ^  ,  the  discharge  coefficient  f*',  and  the  included 
angle, o(  ar,e  determined  by  the  so-called  geometric  characteristic  cf  the  injector  A; 


■^ST’ 


(7.35) 


where  is  the  diameter  of  the  twist,  which  is  equal  to  tvdee  the  distance  from  the 
injector  axis  to  the  axis  of  the  inlet  tube  (tangential  ope.ning)j 
is  the  diam-eter  of  the  inlet  opening; 


F-TS-97iiO/V 


210 


-n  ;i-s-  .or  xarjentrai  -cperrnjs  '^l  trie  vcrt&x  'Chei'.ber  i.rler,:. 

;§he 'Cohtirp^Mfbn:  CO  ^  Jr^}’;  .bei  froii:  the  equhtibn; 


The  discharge  dbd^f icidnt.  TroPi 


-if 

2^f 


The  included  spraj;  dngle  of  the  ihijectpr  o(  f rbn: 


^2  (1+^l^f)^* 


0*3.?) 


Ail  thepe  fqrr'uiae  vere  obtained  during  a  series  of  slt-plified  sssip^.pti  ansi 
Therefore.,  over;  for  a  nc:r~v, iscous  liquid  they  are  on3;j;  acpr-oy.ii!;aiqly  c.&rrect,..  The 
greater  the*  viscosity  , of  the  liquid,  the  stnaller  the  ttlst  of  the  streah;!  the  thick¬ 
er  the  spray  pone  in  the  exhaust  ;npzzle,  the  greater  the  .contraction  coefficient  <^i 
and' the  greater  the  discharge  .dqefficieht  This  paradexi pal  ponclusiph  is  cohr 
firitied -by  practice.  The^nqzzlc;  spray  angle  during  an  increase  of  the.  yiscpsi.ty  of 
the'  liquid  decreases'  hecause  of  the  decrease  of  tangential  cor.pcncnt  velocity.  The 


Fig.  113.*  The  •  dependence  of^the  contraction  coefficient  f  the  discharge  coeffici- 
/*.f,  and  the  included  spray  angle  <<f  upon  the  gecr.ctric  characteristic  of 
the  injector  A . 

dependence  of  f »  and  0(  upon  the  geor.etric  cnaracteristic  of  an  ideal  injector, 
calculated  according  to  the  formulae  (7.16),  (7.]?),  and  (7.18)  is  depicted  in  Figur( 
113. 


The  discharge  cbefficientE  of  a  centrifugal  injecter  d’uring  eperation  on  kero- 


i;e,tiKe|rip^_vCh^^  i'>  l.^-,  .seems  -to.. be 

:^e.it?r  •lhan’.-the  iheor^.  :pr  ;an,"  ideal,,  in^o.ctpr,.  the' 'basic^ -.cpnclur 
,’  i’erejslate.d- above,.  :are  ..suitatie  ^pnly' i*or.;:aDp.roy4F*^^  rPrelircin^y  -bal- 

J:|!latlpns.  The  actual  discj^ge  coefficients  and  dispersion  angles  of  cOntr-'- 
. ':^;^u|:alvin|(Bctbb.s>-arp-:rdwdt"b^^^^  \ 

-■■  4.,;'.,  Ei^Pla*’  ^petejn^ine,  the  gebitetric- -.chi^actertstic  .of  ^  i^eal.  centrifugal  ‘injc.d- 

ahd^^,;^the’  iSpray^^gie; -and  the.- thickness  pf 
■dphes-.:^:  ,,,  if ',dg  *  'p'',5  .fr‘|;  •’‘^vikh  '  humber  of  tru^^- 


■  ^"TKe,|ei6i^tii'b -charactei^stic  .  -  "' 

,:,TherCppff4cib.nts; ;^,a^4^the  .angle  pC.aPe  found  by  thb  graph  in  Figure  iX 

■  ^he.;reHtiyeVtidckhMs  ^bf 'Cphe- ■(^i^4^^1|^^is'^ 

■*  '  '  '  '  ■#'  -  - 

The  average  diameter  of  the  drops  t^hich  are  formed'  during  the  operation  of  a 
centrifugal  injector  depend  upon  the  thickness  of  the  liquid  spray  cone  at  the  injec¬ 


tor  hozsle  outlet. 


SECTION  3.  THE  BREAK-DOV'N  OF  LIQUID  STREAFiS  ANT)  DROPS 

Liquid  streams  and  drops,  vhich  arc  moving  in  e  gaseous  medium,  break  dowu 
A  liquid,  vhich  discharges  from  the  opening  of  a  tube  or  from  the  nozrlc  of  an 
injector  into  still  air,  comes  under  the  action  of  surface  tension  and  aerodynairic 
forces.  Turbulent  pulsations  of  velocity  usually  occur  in  a  discharging  stream:  the 
sireaTi  as  a  vhole  moves  in  relation  to  the  tube  vlth  a  certain  speed  »=f» 

Inside  the  strear.  the  individual  turbulent  moles  of  the  liouid  move  in  a  disorderly 
fashion,  vhich  is  similar  to  the  thermal  movement  o<'  molecules.  The  character  of  the 
flow  depends  upon  the  discharge  velocity,  the  density,  viscosity,  and  surface  tension 
of  the  liquid,  and  even  upon  the  layout  of  the  exhaust  nozzle  or  injector. 
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During  a  very  sn.aii  sUrpiuc  presst^eV- |he  sdlsciharge  veXccliy  is  Iqvj  under  the 
action  of  the  force  of’ ^ayxty  and  the  force  of  surf acf;  tension  indiLyidualr  drpps^  the 
diaineters  of  vhich  usually  lie  betveen  1  to  5  xw.  ^Figure  llijai):,  Vill  break  off  from 
the  edges  of  the  exhaust  opening. 


Vith  an  increase  of  the  surplus  pressure j  the  discharge^  velocity  increases  and 
the  iicuid;  discharges'  from  the  opening;  £ri  the  forr.  of  a  laminar  stream  (Figure  llhb). 
Mt'n  a  further  increase  of  the  surplus  pre.<sijre,  the  discharge  Yelocity  increase 


and  the  stream  becomes  turbulent .  dv.lng  to  the  radial- 
the  surface  of  the  stream,  is  hot  Uhiforr;.  (Figure  llJ;c) 


>  pulsations  of  the  velocity 
.  The  aorpdy:nar.,ic  forces,. 


> 


.vhich- act  Oh  the  stream,  tend  to  increase  all  the- arreguiari.ties  on  its  ,£iu?:face, 
vhii'c  the- -surface  tension  forces  tend  to  level  them..  The  stream;  lines  .hear  a  turbur 
lent  strean  having  a  nonruhiform  surface  is  shpvci  in  Figure  11^.  In  front  of  the  ir¬ 
regularity,,  thC' air  •velocity  decreases  and  the  pressure  indreasesp.  at  the  peak  of  the 
irregul’aritjr^  the  velocity  of  the  flow  increases  and  the  pressure  diminishes .  the 


^eas  of  increased  pressure  are  indicated  in  Figure  115  by  ”+”  signs;  the  rarefied 


areas  by  signs. 


It  is  obvious  that  under  the  action  of  aerodynamic  forces,  the  disturbar.ee  on 


the  surface  of  the  stream  vlll  increase.  For  a  sufficiently  large  relative  velocity 
the  individual  disturbances  vlll  break  at/ay  from  the  stream  and  form  minute  drops, 
the  diameters  of  which  are  less  than  the  diameter  of  the  stream.  At  a  great  distance 


fromi  the  opening  the  entire  stream  vll]  break  dovT.  into  drops  whose  diameters  are 
commensurate  with  the  initial  diamieter  of  the  stream. 


At  very  high  stream  velocities  relative  to  the  air  (higher  than  100  m;/sec  for 
kerosine),  the  break-dovr.  of  the  stream  into  drops  begins  right  at  the  outlet  open¬ 
ing  (see  Figure  lllxd). 

The  liquid  drops  becx..Tc  subject  to  t’  c  .'ctio.;  of  surface  tc-  si-in  and  aerod  n.'U.ic 


forces  as  tlicy  move  ir.  the  air. 

Surface  toncio  forces  tor;d  t:>  rnpart  a  sp  .c  leal  sun.  e  t)  a 
forces  tend  to  flatten  out  a  droj)  (Figaro  136.,  At  a  suff ..cio  it  valac  o 


•  Airod,/  .ar.de 
the  d  -.rjdc 
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_  Velo'clt;^;}.  .ihs  drops  .6f\a  .givej;;  liquid  .disinte- 


V  ■»• 

••  ••< 


.••?-.»=fc<?- 


.m. 


>'  ’  ^  . .;  -’-O'''  ■■  -O-  ■-  - '•'  "'' 

,^,  fhe..breakdpra  of  a -sirejun  viiich.  (^scha^^^  ft9f‘  PpCr4.**.S  at  yaidcus. 


The  ibre^down  of  j^'iHSeterfsiM  in, Figure;  il7:.  V-hen  a.  veiccit|  ' 

of  apprp^iTAt^ljV  2^^^  is  reached,  a  drop  vhpse  initiai  diarieter  is  2  .5  P"*#  at 

•first- ihen  fprins  a  ring  i^th  a  ^  Gx*aduall’/  this  film  ; 

bip>.%  put  into  a  bubble,  which;  finally  bursts,;  breaking  up  into  a  series  of  aiir.ost 
imperceptible  drops  The  photographs  in  Figure  117  show  the-successive  moments  of  ! 

deforratiph  fUd  breakdown  of  a  spherical  ^on.  In  frame  five  ve,  see  that,  the  bubble 


hreaks  near  the  apex.  The  broken  edges  of  the  film  pull  together  tovrerds  the  ring 
(Frames  6,  7,  and  8)  under  the  action  of  surface  tension  and  collide  with  the  ring, 
driving  small  droplets  away  from  it  (Frame  9).  Finally,  the  same  ring  breaks  into  a 


series  of  minute  drops  and  one  or  two  large  drops  (Frame  10) . 


Fig.  115.  The  air  flow  around  a  turbulent  strear.. 


The  dynamic  head,  vnich  appears  during  the  movement  of  the  drops  relative  to 


the  air,  is  sufficient  to  cause  the  breskdowi  cf  the  drop  and  may  be  found  by  substi-' 


tuting  it  for  the  :ntemal  pressure  wtdeh  appears  in  a  drop  because  of  surface  ten- 


?'-TS-97iiO/V 


'^sipn;.  Aliihbtigh",  a|  vdll  be  :subseque;-tlx»  .ccnsioereij,  a  drop  in  riight  d'es  net  hav< 
fijttdlly  a  spherical  shap^^  for  the  fiatheinatical  analysis  of  the  prdbieir.  it  wiii  be 
jpnditiprjally  cor.sidered  ta  be  sphe^^ 


Airflow- arQuhdpa-- -dr op ^ 

df"  the  suffacje  tension  of  the  drop  is  equal  to  pr,  then  the  force  f  ,  with  vhich 
'bng;%ai^f  of'  the  drop  attracts;  the  othei->.  vail  be  ecual  to  (ligure  lib}., 

(7  •19) 

-'Ehis  force  creates  a  pressure  Vrd:ch  acts  on  bhe.  entire  surface  of  the  drop , 

The  force  f  is  equal  to  the  suit  qf  the  products,  of  eleinents  of  the  ar.ea  dS.  tir;es  the 


:prpss^e-  prbjectei  to.  the:-norrr.al  't;p.*:thee  el’crce'^^^  in  .ouestipn: 


iw-  ®  >^C08f ^  i^COSf 

(t)  (f4) 


(7.20) 


Fig.  117.  *.  photograph  of  the  breakdown  of  a  millijr.eter-sized  drop  in  an  air  flow. 

By  equating  (7.19)  and  (7.20),  we  obtain  the  Internal  pressure  which  is  created 
by  the  forces  of  surface  tension: 


(7.21) 


If  the  dynaifiic  head  has  the  sanie  order  of  magnitude  as  the  internal  nres- 

i  •ure  caused  by  surface  tension  “i  the  drop  begins  to  disintegrate : 

■K 


F-TS-97)jO/l 


''^erle/ID- ^bre^Sovn- 


;cr,iberrichV 


~  H  9^^} 


^fhe.  (BXpep^tents  of  H.;.4*  'Ipl^^skiyr,,  xade  with: yari cus  relative  yelccitles 


of 


%pp:pf  liquid  baying  yaripu$,.  s!:yf ace  tensipn^^^^  snoWed  the  value  of  the  breakdown 
.  ,  priterlpn  ;p.  fer^  inyestigated  to  be  censtant.,  V^eri  p  ^10.7  splitting 

, ’-be'^riisj.  .andl^ieh  ;P:^=ih  br' 


IFlgv  liS  ..  peter.itihing  the;  ir 

The;  iird ting  velocity  vd^th.  vMch  a  drop  is  able  to  rove  in  the  air  without  dis- 
4'nte^atingy  in;  accordance;  x\ith.  (7. 23),.,  is  equai  to; 


;Here  u  is-  expressed  in  rj/sec,  &  in  kg/rij  ^  in  kg/rr.^,  dj^^  in  m,  and  g  =  9,81 
ai/sec^y 

If  fuel  discharges  frow:  a  direct-spray  injector  into  still  air,  then  the  break- 
doTO  of  the  stream  begins  when  the  pressure  of  the  fuel  feed  is  approximately  100 
km/cm?.  After  determining  the  discharge  velocity  from  the  equation  (7.b),  one  may  de¬ 
termine  the  value  of  the  diameter  of  the  larger  drops  which  may  be  formed  during  the 
disintegration  of  the  stream,  from  the  equation  (?.2b): 

Besides  the  larger  drops,  a  multitude  of  much  smaller  drops  vill  be  created  in 
the  dispersion  jet  (see  section  h  of  this  chapter), 

,  Centrifugal  injectors  disperse  a  fuel  bexter  at  significantly  lover  fuel  feed 
pressures  than  do  direct-spraj?  injectors. 

Streams  of  a  liquid,  moving  simultaneously  in  axial  and  tangential  directions. 
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thinn'er,  and  finally,  after  losing  its  stability,  brealcs  do^tn  into  individual 
drops  (see  Figure  11?).  At  lov  strear.  velocities  relative  to  *-ho  air  35  r/stc), 

the  breakdovjT.  begins  at  a  certain  distance  fror  the  injector  (as  i;.  ?ira*£  11? 'i.  At 
high  relative  velocities,  the  breakaovm  sets  in  right  at  the  cil-.t  edge  of  the  i’- 
jector  nozzle.  In  photographs  of  snrouds,  liquid  braios,  vnich  er.c-r''asr  the  spiv:, 
cone  along  its  circuF.ferancc,  are  seen.  The  disintegrating  spra^  cone  brcai.s  dc’.v. 
into  th'jso  braids  vhich  in  turn  His-rtermte  r^'i^'ratc  drcna. 


A  ...C  .i‘  vtif  t-  CZ  ^,^4**.  I  >  ii  f  •*.  *4^^.  .w^-  lAW. 


r  .  .  TV-  ' 


strean.,  shroud  or  otner  drops,  r^a^  not  be  grea  ler  than  '  ■  I 'v  c-:-.  :-wSi.*:-:  oj 

the  for/r.ula  (7.25). 

The  drops  thaa  are  ferried  pulsaac  under  the*  action  of  the  force  of  surface  t-n- 
sion,  taking  a  for.?,  norw  of  an  elongated,  then  of  a  flattened  ellipsoid.  Only  in  the 
f-irst  approximation  may.  a  irop  be  considered  as  spherical. 

Example  1.  Find  the  maximur  diai:.eter  of  a  drop  of  kercse-e  thet  is  formed  dur- 
ing  discharge  into  still  air  5f  the  fuel  feed  rrescure  Pg  =  K  kr/cm  ,  Yi  -  1.2?, 
and  Yg  =  kg/nP. 

The  limiting  diameter  in  conformance  vith  {?.r5(  is: 


‘^npeA  = 


D3^f  14-0, 002*815 


=  93*10-6  =  9*1  ri-*... 


2;»rY«  2*  .’00000*1,22 

Example  2,  Find  the  limiting  velocity  in  relaticr  to  the  air  during  \:hicn  a 
100-micron  drop  of  .;er(-sent  disirtugrates,  if  ahe  terperr.turo  equals  15®C  and  th*  ulr 
pressure  is  1  abs^  atm. 

According  to  Figure  126  th-e  surface  tension  of  the  kerosc-re  at  15^C  is 
o*=26  dyne/cm  =5:0,0026  kg/rj 


p,  **10  000  , ,  ■ 

''•.*  on*»  ooo  “^.22  , 


RT,  29,3*288 

The  limiting  velocity,  is  found  according  to  the  fcrmulo  (7.21.) 


*0P«4 


93*0,0026*14 

V  132*100*10-6  “  •  /  -* 


SECTICM  l».  IMJECTCR  3:huCTRA 

The  distribution  of  a  fuel  auccr'iln  ■  to  the  ■  of  the  dro: 


, cu  the 
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dlr'^ersion  cpectrur.  of  ir,_j5.ptcr.  Ilr.p<;r£icr-, -sps^clra  ry  j'.es.ye  of  experir 

is^riu.  .  B‘3rio,v'  t-he  4e%rRanail:r.  of  ihp  dispiersior.  spec trur.,.  the  drops  are  c'ndi- 
divided'  info  sepsrete  gro-»ps  recording  to  sizes  (Table  tfXlx  for  exar;ple., 
ffoirt.  Q  to  20  ihicroras,  frcE  2C  to  hO  niicrors,  frert-  IjO  tc  60  .ticrons  etci,  to  the 
,  (rnaJdr-uw)  dia:r.eter  the  dverall  weight  of  a^  drop  C*  and.  the  and 

-a 


»-  •  •  • » 


ai> 


K  disperSicn  Epectnarn  is  ^expressed'  ih  the  fpr^:  of  a  graph,  on  ine  r.crizo:-,tai 


'  7  Of  ' 


axis,  of'  watch  is  plotted,  the  size -of;  the  drops,  and  on  the  verticsl  ards  is  plotted 
cither  ttfe  rcl^ive  T/eisht  percentage  of  the  drops  v;hosc  diariptcrs  are  less  thar.  the 
size  is  plotted  along  tlie,- ordinate  axis  (-‘i^c  11':?),  or  the  relative  ^mght  of 

a  given  gproup  of  drops  lOsee  Ti^es  125,.  121;  and  125), 

The  nunbors,  cited  in  Table  7.1,  indicate  that  the  drops,  the  diarce tern  of 
which,  lie,  within;  the  Tirdts  of  60  to  80  idcrohs,fpm  every  second  12^^^^^  or  36|  of 
the  total  weight  of  drops,  and  the  drops  -vith  a  diar.eter  of  less  than  fiO  .Ticrons  fprn 
2h.8  grains  or  62^  every  second. 

Table  7.1 


INJECTOR  DISPK^SICrC  SPECTRbT  (DISTP.I31JTIGH  OF  tttCPS  2:  SIZES) 


4  ' 

nicrons 

.  9i  . 
gr/see 

Gi 

G 

Oft-/ 

^/sCc 

Oo-/  fi 

G 

tkiiioi4 

5*  a* 

0 

0.8 

i 

»  0 

0 

1900 

0.96 

» 

2 

40 

4 

to 

0.8 

12 

3S4 

1.0 

60 

• 

20 

4.8 

32 

153 

1.2 

80 

12 

80 

12.8 

62 

8t 

1.285 

100 

7,2 

18 

24.8 

80 

23 

0.6 

ISO 

4.8 

12 

82.0 

92 

8.8 

0.33 

3.2 

8 

40.0 

— 

8.5 

0.185 

1 

4 

c 

40  gr 

loOn 

__ 

!«) 

2526. 1 

5.2  as 

The  knowledge  of  dispersion  spectra  is  nectss-iry  for  the  stud\  of  the  cvar.ora- 


tSon  and  combustion  of  the  drops. 


If  the  weight  of  the  drops,  the  diameters  of  which  lie  within  definite 
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i.  ^_s  KnoKr.,.  is  i^s  pcssiLle  tc  find  the  nuitibei*  of  shs  cncds  and  the 

siarfa-ce..  ir  the  weight  of  the  group  of  drops-  is  equal  tc  3^  and  thsir 
^Kxiupet^r  <eqPai  to  dgj«,  the'  weight  :pf  .one  drop  is  equal  to; 


The.  surface  of  Phe.  drpo  is 


f he  nilir.ber  cf  droos  Is 


6 


«=-i^ 

-The  total  surface  of  the.  drops  ip  ' 

iy=ttsi=  J 


If,  for  exainple,;d^-l30  microns  =  10^^  m,  =  60C  kg/ir;^,.  gnu  3  =  l^k. 


i  the  number  of  dross  is 

\  if  ^  -  .  .  .  _  _ 


•“  sTii^wp  io^o  ^i^Rsj 


and  their  total  surface  is 


==75n*. 

* 

iinicrohs 


(ti  •  tmm 


_  .  .  . 

20  ^  to  H  m  120^  mo  '  iso  'n^ 


2  J  k  5  f  r  t  9  10  n  n  7J  H$  IS  16  17  pf 

h 


te*  .pispersion  from  centrirugal  injectors^ 

.  a  -- dis?erslo(i,jp^^  '^ss-s,,  b  a  co-.parisoa  of  measure. 

-  . '  drop  diameters  vitn  caiculatec  ones*. 

,  i  f  dia^ter  formula  <7^*25^,.  2  -  median  diameter  (Lon- 

well  s  formula).,  ,3  —  the  same  hlukipam-Tanasawa  formula),  !>  —  measure^ 

;■•  t-pdian  diameter  (Bloc p.Kichkin  formula),  6  —  measu: 

ed  lima «vng  diameter j  7  --  median  diameter  /for.mula  (7,|iO)7. 

^  Knowing,  the  spectrum  of  dispersion.,  it.  is  not’  difficult  to  estimate  the 


^-TS-97iiO/; 


=ar.p'4rit  i-fntoh  cq.iikh.ir.ei  In  this  or  Xn  &mir.cT  Cs; 


/  •- 


^  -.,  app -ar.s  .thap  gfo^ps  of  sniaiH  crops,,, the  eonerai  r/ass  of  which  is  srr.s.11,  are 

»;pre  nusprous  than  grocps  cf  larger  ^cps^  vfiich  possess  significantly  greater  weight . 
Thus,,;  for  exainple,,  the-tnunber  of  drops  which  are  less  than  20  iTiicronSj,,  ir.  the  ex?ir»le 
in.  questiohr  cbxprises  1,?0Q, 000,000,  i.e*  70X  of  the  total  niinber  pf  'the  drops.;,  and; 
at;  the  sajne  time  their  weight  is  equal  to  2%  of  the  total  weight,  ana  their  surface 
is  of  the  total  surfaced 

Often  the  fineness^'f  a 'dispersion  .is  characterized  a  certain  dimension, 
•/arious  authors  select  different  parameters  far  this  characle”! st’ c  Jim nt Ion,  TL-it 
dianaler,  of  vdiich  SOi  qi  the  overall  mass  , of  the  drops  is  corrprioed,  is  oallni  the 

—5'  «  -  .  '  '  /> 

m^isn  diameter  i.  In  Figure  119  the  median  diam.eter  vhen*p  =  18  =kg/cm  d^..|  =  12^ 

In  foreign  literature  the  so-called  Sutter  ,  or  Zkuter  arierage  diameser  {abbre-r 
viated-SpS)  is  accepted  to  characterize  the  fineness  of  a  dispersion.^ 

Shatter’s  average  diameter  is  equal  to  that  diameter  which  drops  of  an  identical 
size  would -have  if  their  tptal  surface  2'^ •  and  total 

>Sajr.e  as  those  in  a  stream  composed  of  drop's  of  various,  sizes.  Consequently,  SDS  is 

r 


(7.31) 


The' non- uniformity  of  a  dispersion,  k  is  characterized  by  the  ratio  of  the  true 
number  of  droos  n  to  that  number  ng  which  would  be  obtained  if  all  the  particles  had 
the  sar.e;  diaiiictef  ,  equal  to  the  spSr: 


(7.32) 


in  th^  (see- -Table  7.1)  ^ 


90  ••.(MQi 


=^5,8.10"»  iK=S8  >  ; 


|S  «0,5.2 

10*^486 

*  \3.14MpSK 


m. 


"  •^Griffin,  "Atomisation  of  Fuel  Spray's,.”  Engineering,  Ij-VXI,  19^2,  vol.  17ii, 

'No.  1i5l0i  .  ■  ..  ,  '  .  _  _  . 

Ldhgwell,  J.,  '♦Szhiganiye  zhidkikh  topliv”  /^ombusbipn  of  liquid  Fuels/.'  From 
Ihe  book.  Combustion  Frocesses,  Nevf  2ork,.  19^6 .  ^  ^ 
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■Tne  decree  ol"  f.o^-ur4fcrr:iit5' Is  \  '  -  :  -  .  • 

*,11  25.264C*_^iE« 

■'•c' 

*  -  .  - 

SSG?I:0N,  5.  :E>:PERiKE?p!/  RH:;$'^RCH  # 

The  dispersion  spectra  of  centrifugal  and  spray  injectors  r:a;.  i'§  Irivestigated 
by  ineans  of  experiments .  The  most  videly  used  are  the  f ollov'ixkg  methods:  solidifi¬ 
cation  rnethod,  absolute  method,  irr.orassion  method,  coloriir.etrio  method,  and  ^  ooti - 
cal  method. 

ThvS  solidification  nnthed  that  is  used,  for  example  In  the  vrork  of  Clair  ar.i 
iadcliffe,  is  based  upon  the  fact  that  the  density,  viscosity,  anc  surface  terslcn 
some  substance  in  a  molten  state  may  be  the  saa.e,  at  an  increased  uemporature as  that 
of  the  test  fuel  during  normal  temperature.  For  example,  the  physical  parameters "^f 
melted  paraffin  are  close  to  the  parameters,  of  kerosene  at  room  temperature.  Such  a 
molten  substance,  discharging  from  an  injector,  vili  be  dispersed  the  same  as  the 
test  fuel.  Failing  into  the  air,  the  drops  of  the  melted  paraffin  arc  cooled  and 
solidify,  preserving  an  approximately  spherical  shape.  The  :5olidified  drops  collect 


A)  Strainers 5  B)  100  and  npre  yL, 

and  are  sorted  through  a  scries  of  screens  having  various  sized  meshes.  The  sorted 

■i 

globules  are  weighed.  Through  the  finest  screen,  having  a  size  of  20^  for  example,, 
come  all  the  solidified  drops  with  diameters  of  0  to  20y<,j  through  the  next  screen 
come  all  the  particles  vath  diameters  of,  for  example,  20  to  ItO^etc.  to  accelerate 
the  process,  all  the  screens  are  placed  one  atop  the  other  (Figure  120).  The  vildest- 
meshed  screen  is  placed  on  top,  'The  deternd nation  of  the  dispersion  spectrum  is  ac¬ 
complished  by  weighing  the  sifted  particles  remaining  on  each  screen  and  those  passing 

F-.TS-97i40/^V'  .221 


.through  pan> ^ ^  ^ 

’’  Thfe'’ ^raw-back,  of  this  spli^ficatioh  ricthod  is  that  it  is  difficult  to  select 
.a;  substance,  the  rrf^sicai  paraketers  of  which  ih.  a  ihoiten  state  ^ould  be  sufficiently 
ciose  id  the  fuel  in  question  at  the  requirea  conditions,  the  tekperature  of  the  fuel 
(iaerts  a  Katerla^  influe^nCe  upon  the  character  of'  the  dispersion  and  upon  subsequent 
eva^rdtion.  to  Inyestigate.  the  influence  of  teiraeratiu'e  upon  dispersion  it  is  neces¬ 
sary  to  choose  such  Substances  j  ihich  in  a  inoiten  state,  would  have  the  sane  physical 
parasjeiers  as  would  the  fuel  in  question  for  a  given  succession  of  tcr.peratures. 
this  i>s  usually  only  successful  vlthih  a  narrow  temperai-ura  Interva.!.  therefore,  to 
expand  the  areas  of  research,  along' with  the  solidification  method,  one  Rust  use  other 
methods  to  investigate  the  dispersion. 

The  absolute  method  consists  of  entrapping  the  drops  in  a  layer  of  a  viscous  liq- 
•with  which  they  do  not  mix  anc  which  falls  to  dissolve  them--glycerinc-  for  ejampie. 

The  drops,  stuck  in  the  , glycerine,  preserve  their  spherical  form.  Their  dimensions 
■are  measured  under  a  microscope*  the  drawbacks  of  this  absolute  method  are,  first j 
its  difficulty,  ahd  second  --  the  specimens  obtained  do  not  last  a  long  time, 


Le^nd: 

A)  Injector 
j).  ;Disp.ersion  jet- 

C)  AbiMnare 

D)  Silide  plate 

3)  Plate  with  a  layer 
of  nacnesiun  ■ 


Fig «.  121*  The  investigation  of  a  dispersion  spectrum  by  the  impression  method. 


The  impression-  m.cthod  includes  the  capture  of  the  liquid  drops  in  a  substance 
in  which,  noticeable  traces  remain.,  To  obtain  the  impressions,  the  drops  are  captured, 
on  a  plate  which  is  covered  with  a  layer  of  magnesium  or  carbon  black.  Falling  on  . 
these  coverings,  the  drops  imprint  their  traces  which  m.ay  be  examined  and  computed 

under  a  microscope.  The*  dimensions  of  the  Impressiphs  are  not' equal  to'  the  dimen- 

■  '  •  *  * 

siohs-  of  the  drops.  The  relationship  -between  the  diameter  pC  the  impression  and 
‘the  diair.eier  of  the  drop  i^' determined  by  means  pf,  a  special  experiment  by  viiicb. 
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'the  d^r.er.sic:J5.  oi*  are , actvr?.lned  b}  the  absolute  r:etnca^.  a:^ 


oh  the- layer..  ,  /  /  '  ^  " 

In  order  that  the  ir^pressicr.s  ol  thg,4rops  do  not  cr.e  anpther  durih.'^ 

■the  Ir.veitd'pvi---  of  the  dispersloa,  the  apray .  strlj-ps  the  rlaoe  for  a  lirlted  tint. 
This  tiir-e  is  Jset,  for  ej:an:pi'e,  bj'  the  tiotiep  of  a  slide  plate  (Figure  111),  vrith  a 
slot  dr  by  a  .rotating  disk  vrith?  a  slot.  ,  / 

The  i'ir.predra  oh  methed,  vrhidh  requires  she  :heaour2ir.ent  and  calculation,  of  a 
lar.jG  qup’Vtity  of  traces  under  a  ricroscope,  is  extrenely  tediuv.s  and  fa.tipueing.. 


legend: 

A) ‘  priiaing  funnel 

B)  itotatihg  disiit 

C)  Filter  ^ 
injector 

S)  Collecting  trays. 
F)  Air 
Q  )  Fuel 
H)  Screen 


Fig.  122.  The  investigation  of  a  dispersion  spectrur.  by  the  coiorimetric  method. 

the  coldrir.etric  method  is  based  on  the  use  of  the  fact  that  vrith  a  constant- 
pressure  fuol  feed  and  a  very  narrov:  dispersion  angles  the  lar  ger  drops  frow  a  hpri- 
zonially-nounted  injector  fly  further  than  dg  t-he  sira;ll  ptep.  (Figure  1.2.2)..  tha  inr 

jector  is  located  horizontally  above  a  tray  vhich  is  divided  into  grooves  that  are 

« 

oriented  at  i  fight  angle  to  the  axis  of  the  spray .  A  predeterir.ined  amount  of  the 
fuel  in  question  is  poured  into?  a  groove.  A  color  is  added  to  the  fuel  to  be  atom¬ 
ized.  The  greater  the  weight  of  the  drops  that  fall  in  one  or  another  ..grocye,  the 
imbre  intensively ‘the  liquid  will  he  colortd  ir  "t.  T:e  Intensity  of  the  color 'is  de¬ 
termined  by  a  colorimetric  method.  The  diameters  of  the  ch'ops  of  fuel  which  fall  in 
one  or  another  of  the  grooves  is  di^cermined  by  covering  the  gruever  vat?'  cs  plviue 
coated  vath=  rcagnisivjr.  o:adc  and  measuring'  the  dimensions  of  the  iir.prssolons r.iirJ.lnr 
experiments  have  shoicn  that  in;  each  groove  fall  only  those  drO;..s  deteruinod  by  the 
dimension  of  the  .group*  '  ■ 

Not  one  of  the:  above-described  methods  is  used  for  the  study  of  the  dispersion 
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>  ^spQCjj-cz.  VrjS'  -2  ::ut^r  Xir;aL.a£  .c^c;.-  &£ 

,  -te%neratur_p  ina't  i^*'  'c];osa.-  tc  their  bpilin£:-  ter.oeratiiri..  ?rlcr  t.-  sll  t?ie  'd^ops  ^beinc 
'  #api:iur.edi  a  signlXii^aht  .portion,  qf  thcr.  >dll  be  able  to  .ev2p;>rate,  xn  tnis  case  pp_y  |j 
.4h-^]bptica$ f.et1io4. i> 'syitabie^^^  _'  ^  ' 

'  ^  The  optical  itethod  dt,  for  exainplejifi  the  vork  of  llckb  ar.d  Kichkin,  ccns^str. 

/  of  phptpgi'aphing  the  f3.ying  drops  vith  the  aid’  of  a  camera  haying  ah  qblective  lens  ^ 
.viVh  f the- depth  definition^  The  photographs  of  the  drops  that  arc  obtained  are  ex% 

;.  airined:  and  .measured  under  a  riohoseppe.  The  dist.ortdoh  of  the  sizes  of  tne  crops  at 


varying  distar^es  from  the  lens  introduces  a  dor.sidcrabls  errer  in  an 


G3CT10!-r -6.  TiE  It'F.LUE«C£  GF  THE  PldiSlCAL  PAKAmETERS  G? 
'  '  "  MSPSHSiGH  A®  THE  FC!^  GF  THii  iilir. 


LiCiiD  A::D  TnE  Aih  Gn  TH 


For  a  given  injector,  a  given  fuel  feed  pressure,  and  constant  velocity,  ores- 
sure- and  temperature  of  the  ait*,,  the  fineness  of  a  dispersion,  depends  upon  tne  vis¬ 
cosity,  density,  and  surface 'tension  of  the  liquid, 

Experinents  have  .shown,  that  dva*ing  an  increase  of  the  viscosity,  the  disper- 
..sion  spectruiT;  increases  on,  the  side  of  the  larger  drops  (Figure  123)  .  ^'ot  only  doss 

ft  » 

the  average  diaP’.eter  of  the  drops  increase  daring  this,  but  the  largest  diameter 

sharply  and  the  relative  content-  of  the  larger  drops  become  more  signif¬ 
icant. 

Evaporation  and  conibustion  of  the  Izurger  drops  occurs  so  siovdy  that  these  prbe- 
•fses  not  successfully  be  completed  in  the  coribustion  chamber  of  a  ramjet  engine. 
The  presence  of  ’the  larger  drops  may  be  one  of  the  reasons  for  the  incompleteness  of 
the  coir.bustiol). and  reduced  efficiency  of  ramjet  engines.  Therefore,,  atomizing  a 
■liquid  having  a  high  viscosity  is  not  reconimended. 

The  influence  of  -ohe  viscosity  uoon  the  atomization  of  a  fuel  'py  centrifugal 
injeciprs,  apparently,  is  dependent  on  Its  influence  upen  the  thickness  of  the  liquid 
.spray  /eppe  that  is  formed  in  the  injector  nozzle  (see  Figure  111),  hith  an  increase 


.■^Biokh,  A-.  u,  and  Kichldna,  Te.  S.,,  '’Sredniy  ^'ameter  kape-P  pri  raspylivanii 
topliva- 1 son tro.be zhnymi  forsUnkaird,”  ,^he  Average  Ijiameter  of  a  Drop  d‘.^ihg  Atomiza¬ 
tion 'of -a  Fuel  by  Centrifugal' In jectprh7'.  Toploenergetika ,  1?55,  h'p«  9» 
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of  viscosit’^i; 'apd-aue  to  'the -Increase  of' 'frlciionr,-  thc-jMst  of  -  the  fue?^  teecres 
less,,  the  tangsntfai  ve^  decreases,,  and  the  thickness  .of  the,  spray  cone,  and 
■ijjthe- ;si-2ds-: -orthe- 'drops  that.  ,ar6;'-fQrr.cd;  ihdrease;* ' 

To  increase  the  abpsl:*atioh  of  :§t:ch  yiscpps  jid-ids  as  ciesel  fuel,  solar  oil 
2[^trpleuh7»  naptha;  pr  fuel  pilj  these  are  pre-heaied  since  an  increase  of  teitpcra- 
ture.  decreases  the  viscosity. 

The  influence  of  yisbosi'v,  at  rooir*  tenherature  ( t  *  .2,0®'  C)  upon  atcrdzaticn  is 
seen  froni  the  comparison  of  Figures  123  and  12h,  in  vnich  the  dispersicn  spectra  are 
plotted  of  a  safe  diesel  fuel  and  of  a  light  lubricating  oil,.  These  310';.’ d:;  have  air 
most  identical  surface  tpnsipns  (23  and  3Ji  (^/ne/cni)  apu  r.aterialiy  differert  kihemati 
yiscosities  (1,8  and  32  centistokss) i  Experience  shcvs  that  an  increase  cf  viscosity 
alters  the  fonn  of  the  dispersion  spectrum^  increases  the  Sp5,  increases  the  size  of 
the  larger  drops,  and  increases  their  content,  Therefore  the  transition  to  a  more 
viscous  fuel  for  the  same  other  paramsters  vill  be  accompanied  by  a  deterioration  of 
the  dispersion  and  the  evaporation  of  the  drops^Vhich  causes  a  decrease  in  the  com¬ 
pleteness  of  the  combustion.  To  increase  combustion  during  operation  on  highrvis- 
cosity  fuels,  it  is  necessary  to  increase  the  temperature  of  the  fuel  dr  to  decrease 
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Fig.  123,  Atorlzatioh  spectra  of  diesr"'  fuel, 


Legend: 

A)  Vdlwaetric  content  per 

micron  in  $ 

B)  Velociij’’  2li*U  n^sec 

C)  Velocity  lf,2  ci/sec 
.1)  Diameter  of  the  drops 

in  ,/4- 


the  disch^gc  opening  of  the  injector,  siicultahoousl;-  raisins  the  fuel  feed  nrescurc 
or.  to  lengthen  the  eprabustion  aove,  dr  to  augme-.t  tho  dispersio’i  rapa^ 

.  Kith  an.  increase  of  surface  tension,  as  seen  from  formula  (J.25),  the  quality 
of  the  dispersion  deteriorates,  The  effect  of  surface  tension  on  dispersion  is  seen 
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Fig.  l?ii.  Cispersipn  of  a  ;H-ght  lubricatl^^  pil* 


/Le'sonS*'  - 

■  '  -  "V  : 

a)  Volum^lc  COTitdJt 

.;^i*-;i^crpwi; -in- 
3)  Vct^itiF  2luh 
C^)  Velocity  i$«2 
D)  Ldaffleter  of  the  ^ps 


froK  a  cc^'aFisoh  of  the  disperclon  Sjpectpa  of  a  safe  diesel  fuel  and  water  (Figures 
1.23  ^hd  12$)  j  which  have  siinilar  viscpsitie^^^  and  1.0  centistpkes)  and  i^teriaily 

;  different  surface  tensi-ons  (;23  and  73 

'  '■  '  '  “■/',-  -  ’  -  -  ^ 

An  increase'  of  the  drop  diameter  occurs, wi  th  an  increase  of  surface  tension  in 
accor^nce  with  the  formula  (7  •23)  *  It  is  appropriate  to  jnentipn  that  the  surface 
tensions  of  hydrocarbon  fuels  have  slndlar  values  (Table  7»2)..  Therefbre^j  the  change 
tof  ihc  dis^rsion  spectrum  during  the  transition  from  one  fuel  to  another  is  usually 
accompanied  by  a  change  of  viscosity  and  not  by  a  change  of  surface  tension. 
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Fig*  125.  Dispersiph  spectra  Pf  water* 


Legend: 

A)  ydlumetrlc  content  per 

ndcron  in 

B)  Velocity  2).».!i  rr/sec 

C)  Velocity  1?.2  a/sec 

D)  Dij^tpr  of  the  drops 

in 

£)  find 


tho  conpoheation  for  tlie  negative  effect  oh  dispersion  of  tlip.  surf  ace  tension 
be  effectsd:  in  the  same  wa^.''  as  for  &at  Pf  inenseaed  viscpcit;',  i.o.  by  heating 
the  fu«^  (Figuro  126). 

The  density  pi  a  fuel  as  one  way  surmise,  must  also  have  an  effect  on  the 
ilneness  of  *  dispersion.;  For  other  conditions  being  equal,  if  the  density  of  the 
fuel  ihereasesy  the  inertness  of  the  drops,  increases  and  the  dispersion  must,  deterior¬ 


ate 


With  en  increase  in  the  relative  velocity  other  conditions  being  equal. 


the  aerodynamic  forces  >rtiich  act  upon  the;  stream  increase,  and  the  fineness  of  the 


F-TiS- 


iis^rsioh  grovs.  How  ^he  Jinengss- of  s  ^’spersioh  increases  of 


^able  7.2 


lURFAGE  tS^JSIOJr  A ’Ip  ViSCGSip  OF  CKiTAIX  LIQUI^: 


“Peho'iiy.  ■ 

; 

(iheaQaiic'' 

Surface 

Tensiohd’ 

,4vhes/cm 

lU^sene  - 

f’’  ■  .  Jfeter'’'’ 

;  Safe, ;diesel  fuel 

^  15' 

15 

20 

20 

;  oi7s 

\  1h5»5 

i;oo 

■  6.88  : 

^  ii95-  ; 

1.M  ^ 
i;80 

'  a.5 

-  '#.'4  ' 

73 

;■  : 

Light  lubricating  oil. 
lihptaae 

Stbyl  alcohol 

.  - 

20 

1 

7b 

20 

;  pi85 

0.684  1 

0-8» 
o;789 

?  72 

0,6»  ! 
P,T» 
1.« 

a? 

20.9 

26.9 
a.3 

i  ihe  . relative  velocity  from  15;2  to  24.14  rr./sec  is  seen  in  Figures  123,  1214  and  125. 

I  It  is  seen  that  the  lower  the  relative  velocity,,  the  more  noticeable  will  be  the  ef- 


;  fect..of' the  viscosity  and  surface  tehsloo  upon  dispersion. 


.  The 'air'  pressure  also  has  an  effect  upon  the  fineness,  of  a  dispersion'.  Vith 
lowering  of  the  pressure,  the  air  density  decreases,  and  tho  aerodynamic  forces 
•  diriinish,  other  conditions  being  equal.  According  to  certain  data,  dispersion  de- 
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^^rlorates  with  a  decrease  p*  pressure,  ar^  the  averap  drop  ;^ia?:eter  grpvs .  The 

,j[i  ’  a)' p,.w 'lii  m.  of- w,cur7 

^  -  iji  ■'  \  '  '  ".-  -^  -J')- Sutter'*^  aver a-je  dia^ 

^ -  ?yw<^  . 

■  V-  '  .-,  k-  A  -  ^  ^  rir^A-  t  yclOTt^tohes 

.'!')■ ''Itefos^e- 

-•'- .  -9094  iflflt?  :j)  bhezehe 

/  -r*^  '0tt,M0}ty  200  as»  am  ■  ■  •*■ 

‘  am  Q7i4  .  ,  '  .... 

Eig;..  127'.:  The  effect,  of  at^ospneric  pressure  upon  dispersion  by  a  pneurnatic  in;)ector. 

_  The  -^alrter.perature  also  ihust  have  an;  eiffect  upon  thp  fineness  of  a  dispersion 

(Fi^e  ,128);.  Vi th  a  teRperature  increaaei  the  density  of  the  air  decreases  and  the 

adrodynaiiiic  forces  dirfinish^  #'ihg  to  which  the  dispersion  must  deteripra^..  V.’e  do 

hot  knOv  of  apy  actual  ei^riihents  that  confirm  the  effect  of  air  temperature  on 


ch-spersibn. 


4ac«l 
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Fig.  128.  The  dependence  of  the  parameters  of  dry  air  upon  the  temperature. 

ifLtrodynamic  fOrpes  influence  not  only  the  fineness  of  a  dispersion,,  but  also 
affect  the  configuration  of  the  shape  of  the  je.b,  i.e.,  the  form  of  the  drops’  tra-  • 
jbetofy  in  relatiwx  to  the;  stationary  walls  of  the  combustion  chainber  (Figure  129)  . 

The  greatei  ihe  density  of  the  liquid,  the  diameter  of  the  arops,  and  their  initial  ver 

the  dropii  will  devlatB  fTon  the  axia  at  oT^ven  inieetpr  spray  oona 

%afn6r,,,F.  H.  and  Kenney,  V  .  E.,  "Behavior  of  Sorays  under  High  Altitude  conr 
ditibns^"''Fuel,  vol-.'3^ '1^3i.'  ,,  , 
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[©  and  the  vrid'er  the  dispersion  jet  vill  be.  The  greater'  the  density  and  viscosity 


iof  the'  air j  the  faster  thd:  drops  vill  lose  their  velocity,  and  the  nsrrovpr  the  dis^ 


Bpersidn  jet  vill  be.  The  greater  the  velocity  of  the  air,  the  faster  the  drops  icill 
ibe  hrpufijt  together  in  a  flov,  and  the  riarrover  vill  be  the  dispersion,  jet  i 

A  division  of  (fro  according  to  size  occurs  daring  the  operation  of  a  centn- 
fhgal  injecjtor  in  an  air  stream.  The  larger  drops,  vhich  have  a  certain  tangential, 
yelocity  at  the  breakdpvn  of  the  shroud  «  w  sin  deviate  further  fror.  the  i.hjec- 
"  tor  asas  than  do  the  ‘Sirdlier  <ir.pps  vhich  have  the  saine  tangential  veiacity  (see  Figure 

•5  '  *  -  '  ”  '  '  " 

1291);,  Drops;,  the  diarieter  of  vhich  is;  less  than  10 less  their  iiiitial  velocity'  at 
a  (distance  of  not  f^iirther  than  several  irdlliir.eters  froir:  the  injector,,  and  continue  to 
wove  together 'vd:th  the  air,  taking  part,  in  the  air's  turbulent  .inovement.,  t 

For  an  increase  of  flight  altitude,  if  the  !-iach  hunber  is;  constant,  the  .pressure 
and  denisiti'  of  the  air  in  a  combustion  chamber  dinihish,  the  dispersion  deteriorates, 
and-the  dispersion yjet  broadens  ovlng  both  to  the  increase  of  the  drop  (diameters  and 
to  decrease  in  air  density ,  '' '' 


The- number  of  kilograms  of  air_j  vhich  pass  through  a  edmbuHion  chairber  every 
second,  diminishes  proportionally  to  the  decrease  of  air  density  during  an  . increase 
'  of  flight  altitude,  if  the  liach  n^lmber  is  constant.  Ir.  order  that  the  composition 
of  the  mixt’ire  in  the  combustion  chamber  remains  constant,  the  fuel  feed  G  must 
diminish  in  direct  proportion  to  the  decrease  in  the  density  of  the  surrounding  air 

«  •  -  «  * 

f  •  If  the  fuel-rfeed-cc)ntrol  variation  >rith  a?».tltude  is  carried  put  only  by  changing 

;  the  pressure  Pg  ,,  then  vith  an  increase  of  flight  altituciej|  the  discharge  velocity  of 

» 

1  '  '  •  ’ 

■  the  lluel  vili  decreascj,  and  the  s,ind..lar  press'Ure  decrease  in  the  combustipn  chamber 

5'  * 

‘  >ill  be  acciempanied  by  a  deterioration'  of  the  dispersion,  an  increase  of  the  content 
I  of  the  large  drops,  arid  a  decrease  in.  the  completehess  of  the  combustiori.  If  the  al« 

I  .  ■  •  ‘  "  r .  ■  ■■  ’ 

,^tltud,e. control  is  accomplished  by  changing  the  number  of  injectors,  or  the  crbss-sec- 
.  ti bn  of  the  injector,  for  a  constant  fuel  feed  pressure,,  then  for  an  increase  of  flight 
^  altitude  and  a  decrease  of 'pressure  in  the  combustion  chaiiiber,  the  dispersion  vill  de.r 
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terx^orate  S^causxj  6t  the  chen/e  5x  tiie  sir  dehsitj. ,  But  the  dlepersi-on  jet  vill 
^dep  at  a  constant  disQhaPge  yeloca’ty  so  that/the  Ingest  drops  ivill  be  able  to  fall 
::tb;  ' 'the /chaabeP*.  ^ 

-  the  ehasges  in  the  rinehess  of  dispersion  ai'.d  the  jet  cd^^igvu:ation;>  reciiting 
feon  the-^ierihg  flight  altitude^  nist  be  taken  into  account  in  the  designs  of  high^ 


SBCTION  7 .  .;r*01I-iaUE  FbR  COMPUTING  DISPERSION  SPECTiiA 

JKot  one  of  the  investigations  of  atoirizatipn  resultirg  froir;  theoretical  'under- 
stahdihgs  succeeded  in  obtaining  cai'ciilated  formulae  vhich  agreed  with,  the  data  of  an 
experinent.  The  numerous  cmpertcal  formulae  proposed  at  the  present  time  are  usually 
,  suitable^ only  within  narrow  confines  and  coincide  poorly  with  the  experimental  re¬ 
sults  that  were  obtained  by  other  authprs, 

A'.  0:.  Blokh  ihd  lev  S.  kichkina,  having  Investigated  the  dispersion  spectra 
of  centrifugal  injectors  by  optical  method,  suggest  the  follovdng  ercperical  formula 
to’  coB^tito.  the  relstioriship  between  the  median  diameter  of  the  drops  and  <.o  nozzle 
dlaxetcr  Of  lb?  ceniriTugal  injector: 

'  -23,6' 


<7.>  .  ' 


’A  is  the  gcdrietric  characteristic  of  the,  iniectcr,  vhich  is  determined  hy  the 

’  jf oir.uia- ^ 

^  ^Parameter  il  cpyisiders  the  quaiirty  or  t^ 


(?.3^) 


is  the  density  of  the  fuel  ih:  kg/m^j; 


/  2  . 

ir  /rr-  • 


7],  is  the  -d^Tia^io  viscosiSy  of  the  fuel  in  kr  se:c/r;'| 

Q  Its  the  surface  tensiori  of  the  liquid'  in  kg  it.j' 
g  is  9.81  rh/sec'^ . 

The  Re^Tiold’ s  nunber  is  deterndned  for  the  conditions  which  correspond  to  the 


discharge  from  the  injector  nozzle: 


n 


The  number  of  drops  •whose  diaineter  is  greater  than  d  is  determined  by  the  . 


formula 


tTrr~~~r*rrrr— 


C7.35> 


The  p^ametcr  n  »  2.0,  to 2.5  is  dependent  on  the  constructiph  of  the  injector, 
J,  Xongwell  suggested  the  follovdng:  formula  to  compute  the  median  diameter  of 
the  drops  that  arc  formed  during  operation  of  centrifugal  injectors; 


(7.36) 


The  relative  content  pf  the  drops  whose  diameter  is  greater  than  d  is  equal  to 


(:7.37‘) 


In  these  fcrmiulae; 


Y^.  is  the  kinematic  viscosity  of  the  fuel  (from.  0.08  to  0,8  cm^sec)  : 

g. 

«C  is  the  .dispersion -angle  of  the  injectorj' 


p  surplus  pressure  of  the  fuel  feed  (from  3  to  22  kg/cm  ;.j 

f  is  the  emipiricai  factor  of  irregularity,  whXc^  is  dependent  on  the  median  diameter 
(Figure  ilO) ‘  ' '  ' 
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r.  •  £■  r 

Jrt  • 


V.hsn  d'=  dj,,  —H.  =  0,5.  >.ith  ar;  increase  of  k,  the  disperrdorj  becomes 


r.ore  even. 


Long:v:ell*s  forr-ula  doer  not  consider  the  surface  tensicr  of  a  liquia  and  the 
parameters  of  the  surrounding  air.  The  geometric  characteristic  of  the  injector  is 
taken  into  consideration  only  bj  introducing  sin  S, 

it. - -  - - - - - —  .  2 


hf 


3)  Bosdi/i 
t^fopmee 
^Bojdi/x 


fopmc^  CMecb 

ur>WOTp/  soS 


d)  CttecumeAb 


0  HX)  200  300  m  500 
iflCoednuu  dua^^entp Kane/tt>  a 

Fig.  130,  The  deponde  ‘cc  of  the 
uniformity  factor  upon  the  average 
diaranter  dj^,.  h)  Uniformity  factory 
B)  Average  drop  in  diameter  in|^* 


Fig.  131*  ocViematic  of  pneumatic  ii:jcctor. 
a)  Fuel  mlucture;  3)  Air;  C)  _"uel; 

J)  Hiu:er. 


Apart  from  dircct-sprav  and  centrifugal  injectors,  th.e:*e  exist  also  pneumatic 
injectorr  in  v/hich  the  fuel  atorlzatioit  occurs  during  the  interaction  of  ohc  fuel  and 
air  streuns.  Air  and  fuel  blend  in  t:ie  mixing  chafocr  a-nd  discharge  tliroug:  the  rarrxj 
nozzle  vrhere  the  velocit^r  of  the  mixture  increases  to  more  than  lOCm/scc.  (figure  131  )• 

Pneumatic  dispersion  vas  investigated  by  Mukiyama  and  Tanasavra^  who  suggest  the 
following  forrulae  for  the  calculation  of  Sutter’s  dian.eter  dg  and  the  dispersion 


spectnim; 


'(*) 


r"(t) 


(706) 


(7.39) 


and  dQ  are  the  median  diameter  and  average  Sutter  diameter  in  microns; 

w  is  the  fuel  velocity  at  the  injector  outlet  in  relaticn  to  the  air  in  n./sec; 

or  is  the  surface  tension  in  dNme/cm  (from  19  to  73) 5 

*Hg  is  the  viscosity  of  the  fuel  (from  0.C03  to  0,^  poise); 

Pg  is  the  density  of  the  fuel  (from  0.?  to  1.2  gm/cr3)j 


^anasava,  Y.  On  the  Combustion  Hate  of  a  Group  of  Fuel  Particles  Injected 
through  a  Swirled  Kozzle,  T.  P..  Tohk,  Univ.,  v,  I8,  19!>l4. 
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Vy  and  Vg  arc  tho  voluiretric  flcr  rater  of  air  and  fuel  ./."Jlc  i  r.ass  i  vho  i  jector. 

According  to  the  fornnla  (7.39)  or.fi  ray  ceterrlne  the  relative  dirtrirutici:  of 

the  drops  in  a  given  measured  group  provided  that  it  is  narrov.  For  example,  the 

relative  distribution  of  drops  vith  a  size  from  dj^  to  6.2  ir  equal  to 

•^^^'-=286  f-'P-Y  e  ^  ‘'c  ^  , 

G  \dj  dc 

vhere  d^v.  is  the  average  diameter  for  a  given  group: 


‘^cp  = 


di-{-d2 


--  V. 


>  5,000,  then  the  second  tern,  in  the  fcrnula  (7.3^)  beccres  n*:-,7'.igiMy 


small . 


A  detailed  experimental  investigation  of  atcr.izatiun  by  the  solidiTication  iietho  l. 
vas  introduced  by  N'.  N.  Strulevich.  The  processing  we  did  of  his  results  shewed  that 
the  formulae  of  a  primary  dispersion,  suggested  by  Blokh  ar.d  Kichkina,  1' ngvrcll,  anc 
other  authors,  expressed  the  results  of  the  exporiments  v/ith  an  exactness  iradecuatc 
for .practical  computations. 

The  experiments  on  atomization  of  Strulevich,  Gif fen  and  Kurashev,  Garner  and 
Henney,  and  others  tmy  be’bes.t.  expressed  by  the  enpirical  formulae  shovoi  below. 

The  ratio  of  the  average  drop  diameter  to  the  injector  nozzle  diameter  is 
directly  proportional  to  the  product  of  the  sun.  of  certain  functions  of  the  surface 
tension  and  of  the  viscosity  of  the  fuel  and  the  flou'  rate  of  the  injector,  arm:  are 
indirectly  proportional  to  a  certain  function  of  the  d^Tiimic  head  during  the  mot...on 


of  the  drops  in  the  air: 


nrHir 

'“""l/'S 


(Y.iiO) 


where  CT  =  2h  dYne/cr.  and  =  2,0  centictekes  is  the  surface  tension  and  kinematic 

0  fc*  f  •  Q 

viscosity  of  kerosene  at  20°  Cj 

ff  and  y  are  the  surface  tension  and  viscosity  of  an  atoirdced  fuelj 
s 

M  is  the  Mach  number  of  the  movement  of  the  drops  in  relation  to  the  airj 
p^  is  the  air  pressure  in  mm  of  m.ercuryj 
n,  m,  and  A  are  the  dimensionless  values  which  are  determ3.ned  experimentally. 
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:  tThe  iij^ber  of  drops,  the  of 'v^.ich;is  lesj?  than  d|  is  expressed  zpprqxi^ 

psately  by  the  dictriWtion  :f^  :  -  , 

/  '  j^^rfresuits  of  the  ca-ihuiatiohs,  are  coKhared-v^th.^ihe  cxperiFiehtal  data  of 
Strwleivfchrih  Figure,  ^  a  and;  b.  The  results  Of  the  calculations  arc  compared  vlth 


the.  data  of  Gif  fen:  in  Thblte  7;.3» 


Table  7.3 


DEPEilMCE  OF  THE  MEIIlAIv  pRG?  DIAMSl’SR  Cli  THE  FnlSlCAL 


PAHAl^STEHS  OF  A.  FUEL.. 


CEJJTRIFuOAL  IHJEGTOR  1\ITH  dg  “  1  mr. 

=  0.22* 


Kerosene 


• 

■M  4jme/cm  52 

i|l  centistpkee  i^l  52 

fgt/ea^  0,85 

W  VSM  I5i5  24.4  ;  15.2  2M 

(<Vi)rwch  vlcrbna  125  80.5  296  192 

(<b)r«8<^  iicwn®  121  90  501  195 


Vater 

78 

IvOl 

1.0 

15i2  24,4: 

192  126 

193  m 


The  discharge  coefficient  of  the  injector,  used  in  Gif fen’s  experiments!  is 
not  knovh..  V.'e.  assnzaed  that  for  a  usual  centrifugal  injector  *?  Q.22i» 

SECTION  ;8  .  THE.'BVAPORATOT  " 

Drops  of  a  fhel,  iRovihg  in  the  air,  evaporate.  The  investigation  of  the  prob- 
lem  of  the  eyappratioh  of  ffioving’' drops  represents  a  highly  corrsplicatcd  task,  since 
dpring  this  process  the  diameter  of  the  drops,  their  tersperature,  relative  yelccity 
of  motion,'  the>  saiturated  vapor  tension  (pressure),  heat  transfer  coefficient,  and 
even.  the.  tempe|‘ature  diffcrehce.  betveeh  the  surf  a,  pe  of  the  drops  and  the  surrounding 
4^  ehsr^fb  sinsatan^wus  Attej^ts  to  eororess  the  dwp  evaporation  rate  5^*  a' function 
of  its  initial  temjperature,  of  its;  discharge  vcipcity>.  and  of  the  parameters  of  the 
surrounding  flow  in  .the  form  of  a  closed  system  of  equations  have  not  been'  successful 
up  iq  the;,presen^  time;.  The  solving  of  this  task  is  usUaily*  accoKiplished  by  a  methc^ 

F-TS-?7|<0A  .  .  ,  23h-  -  - 


of  niauetical.  inte Ration 

*  :.The  evaporaticn  speed  of  a  drop J-s  deterjfdned  by  the  speed  of  the  diffusion  of 
the  yapprs  that  fprr.  on  ftp  surface  ihtp  the  surrounding  air,  and  by  the  speed  of  the 
heat  transfer  frori  the  surrounding  air  to  the  drop  (rigure  132)  . 

The  flow  of  a  diffused  substance,  consid_erihE  the  conycction  transfer,  is  exr 
pressed  by  Fik’-s  CQ'^ation: 

Here  %,  is  the  flov:  rate  of  a  substance  diffused’  through  a  unit  pf, surf  ace  for  a  unit 
of  tixP  j  in.  kg/sec.  O  ■ 

Dp  is  the  diffusion  coefficient  relati‘/3  to  the  pressure  gradient  in  m/sec  j 
w  is  the  velocity  of  the  vapors  which  leave  the  surface  of  the  drop  in  r^/seej 
■  Pp  is:  the  pressure  of  the  saturated  vapor  at  the  surf ^e  ter.perature  pf  the. 
drop  in  kg/m^  (Figure  133) ; 

Tp  is  the  teir.perat\^c  of  the  vapor  on  the  drools  surface; 

grad  p  is  the  press’ore  gradient  in  the  bcundarj*  layjsr  of  the  di^>p  iii  kg/n^, 

fp<iit*uu,CL  fneAtnepamup- 

^  '  X  Moeo  spaifuvHma. 

\  ... 

^fpahuuw 

.-  A)  Idmit  of  the  torapera- 
^  gjadtent. 

B)  Ppneiration  linit  of 
the'v^rs 


Fig*  132  .i  Scheratip  pr  the  evapofatipn  and  cooling  of  a  drop  . 


The  "ndhus”  sign  shows  that  the  flow  direction  of  a  substance  is  in  the  direc¬ 
tion  of  decreased  pressure. 

During  the  evaporation  pf  a  drop,  the  transport  pf  the  vapors  that  are  fbrn.ed 
is'  accomplished  by  two  different  processes:  by  their  own  diffusion,  i.e.j  by  the 
movement  of  the  molecules  of  the  evaporating  substance  between  the  molecules  of  the 
surrounding  air;  and  by  the  convection  transport  pf  the  vapors  which  depart  from  the 
drop,  with  a  speed  of  w. 
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'  ‘V/  A.  "  ■  ' \'  .  -  ^  *'  i.',V  "  ' 

'*|;',vr.-.’ ipcr^ia  iptir;'CoiTirc'c^l.on<.-y%  •--  -■■' 

T  -  V- ^  v  =:&  '-■ 

'  'We  ttifusiqn^  coeCfipients/iTjay  be  calculated  on,  thq  basis  of  jrolecularTkinetic 
■■cqn8idei!attj»S'’c»r  •■deter»iined/-by- .experiwenta^^ 

of  a  .'given;  substance  in  the  air,  D-,  depends  upon  the 


'%ifipefaitiire  and'  -tipon;  'the-  ;pfps„s^e :. 


(7.'b2.i) 


where: -Pi^o  iis  . the  diffusion  epeffiOlent^  when  p  =  760  ngi.^  of  mercurj  F.hd  i  ~  273°.  f  or 
bqh^ms  Dp^:  *  ^/sec;^  fox?  kci^bsene  Dpp  »  3.11>lp“"  m/sec. 

kith  ^an  increase  of  presses  the  diffusion  coefficient  diminishes,,  and  with  sm 
iherfease  of' temoerature  it:  increases  i 


The  indicator  a  lies  vithih,  the  f olloiiinf  limits 


Gener^y  speaking«  the  surface  temperature  of  a  drop  is/hot  equal  to  the  tem- 
perature  of  $he  surrounding  air.  Therefore,  evaporation  is  accompanied  by  a  heat 
exchange;  the,  temoeraturc:  of  the:  .ey.aporatinc.droo  c.hanges.w  .  The  speed  of  the  heat 
Mchange,  pi*  therwii  flpv  q^,  in  the  absence  of  radiation,  is  determined  by  Fourier 
equatibh: 

■•  {IM) 

where  X.  is  the  heat  cbnductiyity  of  the  gases  that  surround  the  drop>,  in  kcal/m  sec 


■  ■ 

gradient  .f  is  the  temperature;  gradient  in  the  boundary  layer  of  the  drop  in  degrees/mj 
'  ^  is  the  specific  heat  of  the  vapbf  at  constant  pressure  in  kcal/lcg,  degrees  j 
■  ^  is  the'  temperature  increase  of  the  \'apor  in  the  boundary  layer  of  the  drop . 

The  "minus?*  si^  indicates  that  the  h®8t  flow  is  in  the  direction  of  the  lower 

’  ^Heit  irahirissiw  is  carried  oui  by  means  of  various  processes;  by  means  of.  a 
.heat  transfer  due  to  flow  of  a  shtstance,  and  by  means  of  heat  tfansmission  ovdng  to 


‘■Vri 


Legend: 

A)  p  in  laia  of  mercury 
3)  Benzine 
G)  Kerosene 


Fig.  133*  The  saturated- vapor  pressure  of  benzine  and  kerosene  at  various  temperature 


inplecular  collisions. 

-If  the-  heat  -conducti^/'ity-  is-  lov  ( A/iF  G')-f  =then  the  heat  transnissioh  vill-  be 
carried  out  only  by  convection;  ^ _ , 


If  the' temperature  increase  of  the  vapor  is  insignificant  ATp  -H^O,  then 

:^«>^Xgrad  7;  / 

< 

The  temperature  gra^ents  and  concentrations  at  various  points,  of  the  boundary 
layer  of  a  drop  are  not  alike .  The  de^rmination  of  the  true  value  of  the  gradients 
T  and  p,  at  various  distances  from  the  surface  of  a  drop  vhi’ch  is  evaporating  in  an 
air  stream,  represents  a  very  difficult  task  vhieh  has  not  been  successfully  solved’ 
in  a  basic  form  up  to  the  present  time. 

To  obtain  the  numerical  results  the  true  value  of  the  concentration  and  tempera 


ture  gradients,  are  changed  to  average  values: 


grad  p  - 


•D  H 


ilM) 
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rHere  is  .the  press^ire  of;  the  vapor  pr*  ttie  drop’s:  surface,  -ecu^l  to  saturation 
..  ;  /  •  ;prcssurc^.at,  a  teroera^^^ 

.  .  ::p<p*  is  the=  ;par-ti'al  pressui'c  of  the  fuel;  vaper  in  the:  air  at  ,a  j^eat  distance  .frpjr. 

.  the  drop;;  ’ . 

'  s  •  '  "  /  -  -  •’  }  #  /  .  .  ,  /  ■ 

Jj)  Is  the  characterirtic  depth  of  the  layer  in  which  a  not^ceaple  change  of  the 
’  -partial  pressure  of  the' yapor  6^  s 

Tj^  iS:-the  temperature,  of  the  drop’s  surface; 

,  is-  the  air  temper aibJjre; 

S:T  3S  the  deptn  of  the  layer,,  in  which  ti*e-  temnei-ature  change  occurs. 

/According  to  a  proposal  of  D.  A.  Frank-Kar:enet§kiy,  the  area  of  gas  around  a 

«  < 

drop,  in  which,  a  change  in  the:  concentrations  of  the  vapors  and  temperatures  pc.’urs, 

ts  called,  the  associated  film. 

The  thickness  of  th.e  as,s.oclated  fllir.  is  determined  experiir.entally  frcim  the  value 
of  the  heat  or  mass  transfer. 

In  the  theory  of  heat  transfer  and  diffusion  the  transfer  of  heat  and  substance 
is,  .characterized  by  the  generalized  coefficients  called-  N’usselt’ s  numbers  and  indi¬ 
cated  by  the  symbols  SUp  and' Nu^, 

An  attempt  to  find  Kusselt's  number  theoretically  for  an  evaporating  drop, 

^7  ahalTBis  of  the  pwcesses  that  occia*  in  the  boundary  layer  .of  a  drop,  was  niade 
in  1914?  by  the  Acadeffldian  L...  S.  Leybenzon, 

The  dependence  of  Nusselt^  s  number  upon  the  physical  paran.eters  and  reiativc 
yelpeity  bf  the  flp’y  is  usually  determined  by  means  of  a  generalized  large  quantity 
of  experimental  daua,^  For  this  llusselt’?*  hurriber' is  expressed  by  Reynold’s  number. 


.  Jt  Longwell,  Szhiganiye  :2niidklkh  ,Topliv  ^^o’^'-tustion  of  Liquid  Fuels7  from  the 
l^qk  ’’Combustion  processes,’'  aVw  York,-  '  . 

II.,  ?,=  Tverskaya,  ispareniye.  Padayushehey  Xapli  /The  Evaporation  of  a  Falling 
‘  trahsactlphs,'  of  tjo  ^teningrad.  State*  I5niversib^7>  physics  series.,  i9L9, 
issuer 7t  ■ 

V.  A,  Fedoseyev  and  D.  I,. ^Polishchuk,  Ispareniye  Kapcl*  Vody  /The  Evappratipn 
©rv.’ater  :Drops7  ZhTF  ./joiirnai.  of  Technical  Physics a  'peripdicai7',  vol  XXIII. 

-••issue,  2.,'  19?3'i  '  "  '  '  ‘ 


The-  thGE.i.ai  .criterion  of  is  exrresse'i  Vjrubov  ’.s  f  orjT.uia  l-ilon  Rq  >  2ZQ\ 

/.  V  :  V‘-:  * 

^  V-hen  Re  <C  23  the  criterion,  is  expressed' SOkpi*  shiy'  s  f  prn.i:ia!: 

■  ;-..V  '  •  ^  r '  ; 

Vrneh  Jle  «  200,  the  criteria  Nuj  deterjainecl  by  Vyrubov’ s  .and  Sokol’ skiy’  s 
formulae,  #)ihcidb:::  4  ^ 

_  The  :Reynpid*'s  =h#ber  for  .a  drop,.  yhi?h  is  moving  in.  thip  :air  at  a  relative 


velocity  of  v,  Vdil  b:e' 


-D'a  '  r— 


t7.i;7) 


vhere4[' is  the -viscosity  of  the  sir  in  k-g  sec/^rc'". 

if  the  thermai  criterion  llUj  is  known,  it  is  possible  to  determine  the  heat 


transfer  coefficient 


where  is.the  drop  diameter; 


•*  ^  • 


(7.hB) 


\  is  the  average  heat  conductivity  factor  of  a  mixture  of  the  vapors  of 'i-uel 


with  air • 

The  flow  of  heat,  i.e.,  the  amount  of  heat,  which  is  transferred  in  a  unit  of 


time- -per^  ^unit-of  -^surf  a  ce-  i-s  :• 


From  this 


(7vll9) 


X7.50) 


In:  this  way,  the  thickness  of  the  associated  film  is  less,  the  greater  the 
criterion'  ,  i*o<»  the  quicker  the  thermal  transfer  takes  place.  » 

The  last  equation  may  be  considered  for  the  determination  of  the  thickness  of 
the:  associated;  film. 

Dvgring  evaporation  in  still  air  w  ~  0;  Re  =  '0;.  according  to  Sokol’ skiy’s  forr.u 

ll-  1  1  ■  ’  - 

la  Nu^  »  .2  and:  *  —  —  the  thickness  of  the  associated  film  is  equal  to  the 

radius  of  the  drop.  At  limiting  velocity  (before  the  breakup  of  the  drop)  “ 

\l  in  accordance  .Witth  (7 .2)4^ .. 
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Dm  ^ 

- - 


g^m 


(7.51) 


Nusselt^s  nuTiber  Nu  and  the  transfer  factor  for  drops  flying  in  the  air  also 
may  not  exceed  the  limiting  values: 


Nv-0«V’Re^-0.5«|/^ 


V.ith  an  increase  of  drop  diair-eter,  the  relative  thickness  of  the  associ:-.ted 

filr..  decreases.  V.'hen  2vC°  :1  and  d  =  200^,  ^  =  0,1.  Ir;  this  vay,  the  relative 

thickness  of  the  associated  filr.  for  various  sized  drops  vrhich  are  r...ving  at  various 

velocities,  lies  vithir.  the  limits:  0,1  <4- <0.5. 

d 

If  the  effect  of  the  convection  of  the  flow  is  not  taken  into  account  during 
diffusion  and  heat  transfer,  then  the  processes  of  mass  and  heat  transfer  vlll  be 
similar  to  one  another.  During  an  increase  of  the  relative  velocity,  v,  .Reynold’s 
number  —  Re  and  Nusselt*s  nanbers  for  heat  transfer  and  diffusion,  ar.u  Xup,  will 
grow. 

If  NUp  is  known,  it  is  possible  to  find  the  flow  rate  of  the  substance  by: 

(7.52) 

The  coefficient  of  mass  traiisfer  ^  is: 

'  (7.53) 

Dp  is  the  diffusion  coefficient,  which  is  relative  to  the  pressure  gradient; 
djf  is  the  drop  diar;eter. 

The  drop  obtains  a  portion  of  the  heat  that  is  required  for  evaporation  from 
the  surroundi.ng  gases  and  a  portion  from  the  substance  from  which  it  is  composed. 

The  thermal  balance  of  the  drop  is  composed  of  the  following  quantities. 

The  heat,  which  is  required  for  the  evaporation  of  a  mass  dm  *  QnSdt,  during  a 
small  increase  of  temperatiu’e  between  the  surrounding  air  and  the  drops  Ty  —  Tj^  is; 

Here  t  is  the  heat  of  evaporation  during  a  temperature  of  Tj^  in  kcal/kg; 

2 

s  is  the  surface  of  the  drop  in  m^:  s  ■  if  dj^. 


2I}0 
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dj^  is  the  ciisr.ster 


of  the  arc- 


dt  is  the  tiitc  interval  in  sec. 

The  heat,  viiich  is  released  by  the  r%ss  of  the  drop,  is  =  Cg  w.dTjj. 

Here  in  is  the  mass  of  the  drop  in  kg; 

c  is  the  specific  heat  of  the  fuel  in  a  licuid  phase  in  kcal/kg  deg 
dTjj  is  the  ter^peratare  change  per  dt  tip*e  in  degrees. 

The  amount  of  heat,  that  is  obtained  by  the  drop  fror.  the  surrounding  gases  in 
the  absence  of  radiation,  is 

..cconiing  to  ttio  la/  of  t'-.o  conEorvation  of  oocrj/ 

•  ■a<?,=aQ,-AQ. 

M* 

i  (7,55) 

The  qpead  of  the  toE^wature  change  of  a  drop  is 


(7.55) 

(7.56) 


41A 


If  the  tecjicrature  of  the  gases  is  higher  than  the  tc:r»  /Ci’atia’c  of  t!ic  drop 
Ty  >  Tj^  and  qg  >  the  drop  rrfU  be  heated. 

IXt^ng  oyappration  the  diancter  of  a  drop  decreases;  sinultcsneousl;  *  the  relaa- 
tive  velocity  and  the  teriperatiire  of  the  drop,  the  V£obr  pressure  at  its  surface, 
the  Re  nunber,  the  Nu^  and  IIuq  nuribers,  a.id  the  siass  transfer  coefficient  fl  change. 

A  coidiined  analytical  solution  of  the  equations  for  the  diffusion,  heat  tr.Misfer 
and  novanent  of  the  drops,  roving  in  relation  to  the  air  is  difficult  to  effect.  The 
problem  of  the  movemev;t,  evaporation,  and  cooling  of  the  drops  vfhich  are  formed  dui’ing 
the  atomization  of  a  stream  of  fuel  is  usually  solved  by  means  of  numerical  integration. 


Similar  calculations  shov/  that  the  hi^er  the  initial  teiqi^eraturc  of  the  drops 
Tjc  and  the  corresponding  vapor  pressure  Pp,  and  also  the  greater  the  initial  velocity 
of  the  fuel  and  the  lesser  the  drop  diameter  the  qiiicUcr  evaporation  occurs  aid 
the  quicker  the  temperature  of  the  drops  changes  (Figure  13.’i). 

The  greater  the  floir  velocity,  the  faster  is  the  drop  transrorted  the  ambi¬ 
ent  air,  and  the  faster  it  traverses  a  given  distance.  Consequently,  v;ith  changing 
flow  velocit:^,  the  qiuantity  of  vapor,  forming  at  a  given  distance  from  the  injector, 
changes  but  insig'iificantl;/  for  drops  of  a  given  size. 
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Vithin  a  certain  tir.e  interval,  the  sorface  of  the  drop  acquires  a  temperature 
at  vhich  the  aiaoi.-.t  of  heat,  obtained  by  the  drop  from  the  surrounding  gases, 
eco»es  equal  to  the  amc**“t  of  heat  that  is  necessary  for  evaporation*  The  drop 


er.perature  ceases  to  change: 


Tc^COfist 


The  equilibriur.  temperature  at  vhich  the  quantity  of  heat  vhich  is  required  for 
vaporation  is  equal  to  the  amount  of  heat  that  is  obtained  from  the  surrounding  gas. 


s  called  the  equilibrium,  isothernal  evaDoration  ^esserature*- 


.g*  13l4i  the  depend^ce  of  the  parameters  of  ah  evaporating  drop  upon  time. 

the  lesser  the  initial  diweter  of  a  drop  and  the  greater  the  saturated  fuel 
apor  pressure,  then  the  qvdeker  evaporation  equilibrium  sets  in. 

The  ^ff{)erature  equilibrium  of  a  drop  Tr^y  vas  determined  by  ^^lch8  in 
From  the  thexmal.  balance  equatibn  (?•$$)  «hen  dTjj  ■  0>  we  obtain 


om  this,  when  pm*  *  0  and  small  differences  of  t^  -  Tje: 

”  (7. 57) 

The  equilibrium  temperature  is  al>:iys  less  than  the  air  temperature.  The  dif for¬ 
ce  of  Ty  -  Tfitv  Is  directly  proportional  to  the  product  of  the  heat  of  evaporation 
mes  the  diffusion  factor  Dp  and  the  saturated  vapor  pressure, ‘».nd  inversely  propbr- 

;.onal  to  the  heat  conductivity  of  the  mixture  of  fuel  vapors  >7ith  the  air 

.  /  .  .  . 

'  '  4  *  ’  ‘  • 
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For  the  developnent  of  the  forr.ula  for  the  tes.?erature  of  equilibriUEi  evapora¬ 
tion^  the  effect  of  the  convective  flow  upon  the  transfer  cf  r.ass  and  boat  vas  not 
taken  into  consideration.  At  high  air  te.'nperatures,  a  convection  flow  noticeably 
increases  the  transfer  of  rcass  and  decreases  the  flow  of  heat.  Therefore,  the  true 
temperature  of  equilibrium  evaporation  (Figure  135)  appears  to  be  substantially  less 
than  that  atdeh  the  approximation  equation  (7*57)  gives.  To  determine  the  tempera¬ 
ture  of  equilibrium  evaporation  of  kerosene  when  Ty<300C'  c,  it  is  possible  to  use 
the  equation  {1  Si)  a  sufficient  degree  of  accuracy. 

During  evaporation  in  the  combustion  jone  (Ty  ICC'G'^’  C)/  the  temperature  of 
equilibriuffi  evaporation  of  the  drops  approaches  the  boiling  point  of  the  liquid  wlth- 


Fig.  135*  The  Ccanputed  equilibria^  evaporation  ter.pr  rature  of  a  drop  of  kerosene 

for  various  air  teDperatures  and  pressures.  * 

Calculations  show  that  the  evaporation  process  of  the  drops  occurs  at  high 
relative  velocities  on  the  curvilinear  portions  of  the  drops*  trajectory  (see  Figure 
129)  and  ends  in  the  combustion  zone.  The  evaporation  of  the  drops  at  low  relative 
velocities,  on  those  portions  of  the  trajectory  which  are  close  to  rectilinear,  pro¬ 
ceeds  less  intensively. 

Example.  Find  the  air  temperature  at  which  an  evaporating  drop  of  benzine  vdll 

ZUi 
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lidhtain  the  teftiperaturs  vhich  the  fuel  had  in  the  tanks:  *  15®  C,  if  r»5j  -  735 

'  #i  of  mercury  *  10^000  kg/m^j  X  “  0*02  kcal/hr  m  degree  *  5/- *10"^  kcal/sec  in  degree, 

/  Nut» 

m/sec;  1  *  80  kcal/kg;  *  1. 

According  to  the  formula  (7*57)s 

r*  IN«,  A610-* 


SBCnOM  9.  THE  SFFBCT  OF  THE  PARAKETSSS  OF  THE  FUEL  AXD  AIR  UPOX  0.*AF'CRATICX 


Ah  entire  series  of  physical  parameters  influences  the  evaporation  of  atotrlzi^d 
fuel.  V/e  idll  consider  the  effect  of  each  of  theni  separately ,  considering  the  re- 
malzdng  Vi^ues  as  edhstants. 

the  (kdrjfetry  of  the  -In.lector..  Gentrifugal  injectors  disperse  fuel  better  than 
dp  ^raet-spray  injectors  By  a  decrease  of  the  outlet  injector  nozzle  diameter  and 
by  M  ln^das^  the  spray  cone  thickness  diminishes,  the  fineness  of  the 

di8p(itfidm  is  inerMsed  andi  the  evaporation  of  the 

^p0.:i8'''.i^rj^e^V  ''The'idLsj^rsiohKjeb^  decrease  ef '  the^^drops•^  ma^-. 

-i^v'dia^Wr* 

the  Fuel  Feed  Press'jye.  By  an  increase  of  the  fuel  feed  pressure,  the  relative 
yelbeiiy  pi;  the  ^sdhargirig  stream  increasesji  the  fineness  of  the  dispersion  increases 
andleyappratiOn  is  improved.  The  jet  broadens  at  first  and  then  narrovs,  aince  the 
inwease  of  the  speed  of  the  drops  is  offaeii'  by-.ite  d^rease  of  the  dUoaetcr  o£^  ' 

the  l^geet  drops* 

Viscosity  and  Surface  Tension  of  the  Fuel.  An  increase  of  the  fuel’s  viscosity 
iai^irs  the  tvist  of  the  spray,  and  increases  the  spray'  cone  thickness.  The  force 
.  eiiieh  is  required  for  tlie  disintegration  of  a  drop  incrcasos.  This,  along  vdth  tho 
iMreiss  of  surface  torsion  detrimentally’  affects  dispersion*  Tho  diameter  of  the 
drops  increases,  the  jet  vddons,  and  the  eviration  rate  decreases  because  of  the 
.  increase  of  the  average  drop  diameter*  Tliereforo,  the  atomization  and  evaporability 
of  kerosene  are  inferior  to  those  of  botizine* 

>Hial  Vapor  Pressure*  .iith  a:i  increase  of  the  volatility  of  tho  fuel,  i*o„ 


2i|i( 
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vith  an  increase  zC  the  vasor  pressure-  tr.e  pressure  fTaditrf.t  in  the  boundary  la^cu' 
of  the  drop  Increases;  the  rass  transfer  increases  and  evaporability  is  ir proved. 

-Stcalzed-bepsiae-'ev^rates  (tuidcer  than  kerosene  due  to  its  greater  vapor  pressure# 

2j^t  of_ Evaporation  of  the  Fuel.  Vdth  an  increase  of  heat  of  evaporation, 
evaporability  decreases. 

The  Temperature  oT  Fuel  has  a  decided  effect  upon  atordzation  and  evapor¬ 
ability.  V;ith  an  increase  of  its  ovn  teriperature,  the  fuel*s  viscosity  and  surface 
tension  diirdnish;  therefore  the  fineness  of  the  dispersion  is  increased,  the  diameter 
of  the  larger  drops  decj’eases,  and  the  dispersion  jet  narrors.  Th-;.  vapor  pressiire 
and  the  '.enthalpy  of  the  fuel  groar^  rdiilc  evaporability  augrients  (xrlng  both  to 
iiaproTBd  dispersion  and  to  increasing  mss  flow  caused  by  the  gro-.TtU  of  pressui’c 
gradient. 

During  the  heating  of  the  fuel  under  pressure  in  a  fuel  system  to  a  tempera¬ 
ture  idilch  exceeds  the  boiling  point  in  the  coirbustion  chamber,  the  drops,  during 

fli^t  frbmi  the  injector,  boil  and  evaporate  because  of  their  internal  ehergj.’; 

1 

evaporability  idses  sharply.  V.'hen  drops  evaporate  completely. 

The  Specific  Heat  of  the  Fuel.  If  the  fuel  temperature  is  higher  than  the 
equilibrium  evaporation  temperature,  then  by  an  increase  of  the  specific  heat,  evapor¬ 
ability  is  improved  because  of  the  increase  of  the  enthalpy  of  the  drops.  The  gro-i-h 
of  the  drops-  specific  heat  lowers  the  evaporability. 

The  Velocity  and  Pressure  of  the  Air.  Vith  an  increase  of  air  velocity,  the 
relative  velocity  of  the  drops  increases,  dispersion  is  improved,  and  the  dispersion 
jet  contracts.  The  drift  of  the  drops  with  the  oncoirdng  flow  increases.  The  evapor¬ 
ability  of  the  fuel  at  a  given  distance' from  the  injector  increases. 

The  Temperature  of  ^  Air.  Vith  an  increase  of  air  temperature,  its  viscosity. 


heat  conductivity  and  density  are  changed.  The  speed  of  the  haat ' taratiafer  to  Him:  ~ 
drop  grows  because  of  the  grovrth  of  the  temperature  gradient  and  the  evaporability 
increases.  An  increase  of  air.  temcerature  exerts  a  substantially  lesser  influence 


on  evaporability  than  does  the  sar.e  increase  of  the  fuel  temperature. 
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ing*  136.  The  y^lation  of  the  vapor  concentration  and  the  excess  air  coefficient 
along  ihe  axis  of  the  jet*  a)  lirAt  of  V^e  disp^sion  jcu| 

3)  C)  rdativa. 

The  vapor  I  which  is  forjr.sd  during  the  evaporation  of  the  drops,  interriixes  vith 
the  surround^g  air,  therefore,  vlth  an  increase  of  the  axial  distance  from  the  edge 
pt  a  injector the  local  concentration  of  the  fuel  vapor  at  first  grows  be- 

caw  p|  of  the  evaporabllity  of  the  drops,  and  later  begins  to  dixAnish 

bewuspi  of  the  turb^i^t  interuiidng  of  the  fuel  with  the  air. 


'  >Bx|p^iehce  php^  vapor  concentration  and  the  droi^liouid  fuel 

dii^MsKes  in  inverae  pro^rtion  t^  from  the  injector 

(Fig^c  i^),  and:  t^  the  excess  air  coefficient  grows  in  direct  pro- 

pOTtiph  ip  distance  injector. 

pwtim^  jet  iiiere  the  concentration  of  vapor  has  a  value  that  is 

favorable  fpr  combustion,  is  the  most  suitable  for  the  location  of  ignition  units 


and  stabilisers. 


The  epheehtrations  become  similar  along  ;llie  ejupjfcw.' 

at  a  suffieieht  distance  from  the  injector  due  to  turbulent  intermixing.  The  concen¬ 
tration  profiles  may  be  calculated  theoretically'  and  investigated  by  an  experimental 

V  ' 

Method. 


SBDTI0»  10.  THE'  EXPERIMENTAL  DETE»iIKATIO^»  CF  LOCAL  FUEL  CO.\XLirr?vATIO»iS 

•  to  Measxire  the  total  concentration  of  the  liquid  and  vapor  phases  of  a  fuel,  a  « 
sample  Is  taken  by  means  of  a  tube,  the  plane  of  the  inlet  opening  of  which  is  situated  ^ 
fwrpendicuiar  to  the  stream  lines  (Figure  137)*  The  speed  of  8aii|>li2ig  nust  be 
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equal  tc  tne  velocity  c:‘  an  undisturbca  flcv  cr  else  the  i-atic  betvreen  the 

j.  01  tho  air  drawn  in.*and  the  general  nas?  of  .  the  dx'Ops  entrained  v/ill 
•ttjBliEMt..  If  the  velocity  of  the  sar.plc  rra‘-Ti-off  is  less  than  the  velocity  of  the 
flov^  the  air  strear.  lines  at  the  inlet  of  the  intake  tube  vlll  diverge.  A  portion 
of  the  air  vdll  flov  into  the  tube  along  the  valls^  but  the  drops  of  the  fuel,  vhich 
arc  driven  alr-ost  rectilinearily  by  their  inertia,  vill  fall  into  the  tube.  In  this 
way,  if  thc^ less  than  the  velocity  cf  the  flow, 
alriost  all  the  drops  fror.  the  strcani  tube  v.lll  enter  the  sar.pling  probe,  (the  cross- 
section  of  the  fonner  being  eoual  to  the  intalce  tube  inlet)  and  onl;-  a  fraction  of 
the  air  vrill  penetrate  from  the  streaa  tube.  Tiie  fuel-air  ratio  in  the  (Ira./>.off 
eaaple  will  be  greater  than  in  an  inidisturbed  adb^tuTe. 


Fig.  137*  The  selection  of  a  sample  of  the  liquid  and  vapor  phases  of  a  fuel-air 
mixture. 

ft)  Wvkh  •  '>)  '*vkh  <  c)  '^kh 

If  the  ^  the  sai^ie  ahstr^^tion  is  greater  than  the  velocity  of  an  un¬ 

disturbed  flow,  the  relative  aimount  of  liquid  fuel  in  the  selected  sar-ple  vill  be  le^s 

•  < 

than  in  an  ur^disturbed  flov:  since  a  portion  of  the  drops  vhich  are  contained  in  the 
abstracted  portion  of  air  flow  around  the  sample  probe  (Figure  137c). 

•'^^Ife  sequel  it  X  of  the  velocities  of  sampling  and  of  an  undisturbed 
flow  is  obtained  by  throttling  the  inlet  opening  of  the  i.)aa:])3CiBg  tube  in  such  a  way 
that  the  static  pressure  at  the  inlet  to  the  sampling  tube  pQ^g  is  equal  to  the  static 
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pressure  of  ar;  undisturbed  flov; 


Pots  “  ^ 

To  sanple  a  jrdxture  of  fuel  vapor  vith  air  which  does  not  contain  drops  of 
liquid^  the  plane  Of  the  inlet  opening  of  the  sanpling  tube  must  be  situated  parallel 
to  the  stream  lines  (Figure  138 1  tube  b),  to  protect  it  fron  penetration  of  both 


1 i^lriiaiiai » drops  carried  along  by  the  flotr  and  the  liquid  filn  which  forms  on 
.  the  surface  of  the  tube  itself* 


Legend: 

A)  Fuel 

B)  Injector 


To  entr^  only  the  liquid  (free  fron  vapors)  the  sampling  tube  is  placed  v/ith 
its;  inlqt  opening  peipandiculw  to the  flotr;*  The  drops,  because  of  their  inertia, 
trill  penetrate  the  tube  and  settle  on  its  walls  (Figure  138,  tube  a).  The  finest 

(aieron-sised)  drops  trill  pass  around  the  tube,  noving  approxiiaately  along  the  air 
stnan  l^s*  Hoirevcr,  tho  portion  of  the  substance  carried  along  bv  these  drops 
is  not  large  (see  Table  7«1)« 

It  is  necessary  to  take  special  precautions  in  order  that  the  liquid  settled 

the  vails  of  the  tube  does  not  spill  outside «  The  volur^e  of  liquid 

which  has  penetrated  the  tube  is  rteasured  by  a  burette. 

The  contents  of  the  vapor,  and  liquid  phases  of  the  fuel  in  the  stapled 

tiohs  of  the  mixture  after  coRqplete  evaporation  are  deterr Ined  by  a  method  of  gas 

analysis  (by  means  of  an  absorption  or  electric  gas  analyzer)  after  having  been  di- 
« 

luted  idth  a  knovn  quantity  of  air  and  burned  in  a  catalytic  furnace. 

Without  the  investigation  of  these  concentration  fields  it  would  be  impossible 
to  study  the  processes  which  take  place  in  the  combustion  chambers  of  jet  engines. 
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sscTio::  ii.  the  cal:jlaticx  cr  local  Cv;ccE;n'ii;:iL':3 

On  the  basis  cf  the  foregoirig  delibcraticns  about  the  configuration  of  &  Jet 
and  about  the  evaporation  of  the  drops,  r.cving  along  their  ballistic  trajectories, 
one  mav  first  of  all  consider  the  local  concentrations  of  fuel  rixtures  v.h^ch  vail 
take  place  in  the  separate  zones  of  con.bustion  chan.ters»  Calculations,  corx’oboratci 
by  test,  shov:  that  the  concentration  zones  of  fuel  in  the  areas  of  the  stabilizers 
are  not  sirdlar.  This  circunstance  presents  the  possibility  of  a  corbuntion  char.ter 
operating  in  those  cases  vrhen  the  average  cor.pcsiticn  of  the  rixture  l3es  far  belcv: 
the  liaits  cf  lean  blov  out,  since  the  iri.xture  cn  the  sides  cf  the  flar.c-hclucr  i; 
re-enriched  by  the  fuel. 

To  determine  the  local  concentratiens,  one  is  requii*ed  to  carry  out  the  diffi¬ 
cult  computations  of  the  trajectories  of  the  evaporating  drops  and  their  evapora'olli- 
ty,  and  to  take  into  account  the  mixing  of  the  vapor  formed  vdth  the  surrounding  air, 
and  also  the  mutual  overlapping  from  nei^iboring  i  ijeutorc. 

As  the  first  a?proxim.ation  for  the  solution  of  the  proMwa  eorttiipg  the  dis¬ 
persion  of  a  fuel  which  is  sprayed  into  an  air  flov:  by  a  single  injector,  Longvell 
and  VJeiss^  consider  the  injector  as  a  point  source  of  matter  that  is  diffused  into  a 
turbulent  flow. 

The  diffusion  equation  may  be  described  in  the  form  cf 


-a 


dR 


(7.58) 


where  5  is  the  local  concentration,  or  fuel-air  ratio,  i.e.,  the  ratio  of  the  weight 
of  the  fuel  to  the  weight  of  the  air: 

iL=.-L 

0  ml  ' 

^pis  the  density  of  the  fuel  vapor  in  kg/m^j 

is  the  flow  rate  of  the  diffused  matter  in  kg/sec  m.^j 

is  the  tiurbulent  diffusion  factor,  relative  to  the  concentration  gradient  in 

V 


J.  Longvell  and  K.  A.  V.'eiss,  Ind.  Eng.  Cher.,  vol.  h5,  1953>  667-676. 
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The  vork  of  Longviell  and  V.eiss  presents  a  solution  to  the  differential  eq’oa- 
''V.tioi^*t'Bcorcled‘  abeyQ  •fdr  a  points  source  of  fuel  at'Zero-X'elative  velocity*-. 


L:..l  J?»  If-,  e 

m  •/. 


(7.59) 


X  is  the  distance  frojii  the  edge  of  the  injector  to  the  section  of  the  corbusticn 
chamber  in  question  (Figure  139) J 

R  is  the  distance  from  the  injector  axis  to  the  point  A  in  question  in  meters; 
Uy-and  the  velocity  and  density  of  the  air  in  n;/sec  and  kg/iry; 

G_  is  the  fuel  consumption  in  kg/sec. 


■■■  usntuMna0  ifOnu0nmptiuuM 
t> 

— ’  DUCfttm  mOuuAttmnetfittt  mn 


oucft§m  ttOMtitHmpauau  no/ionedtufly 
'  ~  - - •  * - uvema 

n9p9M9UiU0aMU9 


Legend: 

a)  fUel 

B)  actual  concentration 

C)  concentration  according 

to  Longvrell*s  calcu¬ 
lation 

a)  vrithout  consideration  of 
ocUing 


Fig.  139.  The  effect  of  turbulent  nixing  on  local  concentrations. 


The  equal!'.  :i  (7.59)  shovs  that  the  axial  concentration  of  the  fuel  i/rm-ediately 
domstrean  of  the  injector  changes  in  inverse  proportion  to  the  distance  from  its 
edge.  This  conclusion  is  si^ported  by  eaqperiaent. 

The  decrease  of  the  concentration  in  a  radial  direction  is 

/  /  /  \ 

(7.to) 

f 

..|ft%p«ssia«<ctirJkiM  th»'fu^«>air^  ratio  %.to  .the  .excess  air'xoeffic^ ,  ei^  iru 
obtain  mjt* 

(7  .61) 

JLGf 

If  the  distance  from  the  injector  nozzle  x  is  greater  than  the  maximur.  vldth  of 
the  Jet,  and  is  calculated  without  considering  turbulent  mixing  (see  figure  138), 
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and  the  fuel  is  dispersed  and  evaporates  veil,  then  the  forff.ula  (7 *60)  offers  re- 
^ts  vhich  are  close  to  the  true  concentrations.  For  small  distances  or  during  poor 
dispersion,  Longwell*s  formula  offers  ;Of^<£^^*«i^£dr4K^entratloh8* 


Fig..  11*0. 


Legend: 

A)  Inclihatioh 
3)  asds 


the  dependence  of  a  calculated  concentration  upon' the  radial  distance  R  is  de¬ 
picted  in  Fig\ire  lljO.  The  concentrations  computed  from  Longwell’s  formula  are  com¬ 
pared  in  Figure  139  vith  the  experimental  values.  The  "bumps"  on  the  experimental  • 
concentration  curves  (Figure  139)  stipulate  that  the  drops  of  fuel  depart  froiti  the 
axis  of  a  centrifugal  injector  and  enrich  the  peripherial  areas  of  the  jet.  Only  the 
micron-sized  drops  and  vapors  that  are  formed  are  pulled  into  the  axial  area. 

During  operation  vith  a  pre-heated  fuel  that  is  dispersed  into  hot  air,  evapora¬ 
tion  is  completed  close  to  the  edge  of  the  injector  nozzle.  In  this  case,  the  con¬ 
centration  profile  of  the  fuel  at  a  distance  from  the  injector  approaches  that  vhich 
LongV7ell'8  formula  gives. 

The  dravback  of  Longvrell's  theory  is  the  circumstance  that  the  value  of  the 
turbulent  diffusion  factor,  which  depends  on  the  degree  of  turbulence,  the  nature  of 
the  fuel,  and  the  temperature  of  the  flow  (and  is  usually  not  known  beforehand,)  is 
used  as  the  basis  of  the  calculations. 

The  concentration  zones  of  a  single  injector  may  also  be  found  by  using  the 
theory  of  a  tiirbulent  spray,  which  was  developed  by  a  series  of  authors  and  was 
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'-  ;  ,.  -  .  #w  ^ae« ;oir  a -c5%.  £ie  .cone  a.-?ae  .«j,iSh>^ 

hadli^  froa -ae  Sf  the  jet.tb  the  etresa  P.,,..  dii 

the  indefetor  nphele  od^e'eea^lJ^^^i^ 

iI^Cjev(6,  ■  -  ■•  \  ^  _ 

■  rii  -  .'itit  >  i 

==«;  . 


'riJobiN- 


|Se  ^entratim;  gpjig.  !tHe.,.i^^^  -^e  jet,  %ich- is  fcessarea^  by  the  ,f uel-elr 

?»v '^h|#  l®rihyerse: -iaopartion;  to/ithes.di's^ 

. . '  ■ 


’■.t'  ^  i .  sde^er^nedt  ^Xrbm^-^cerliceriiai  .data  •= 


|)  5^88 

C^  l^eetor 

- 

Ito  dr<p  of  ,Jjie  cohcontra^^  as  a  fmctlw  of  the  4istan.ce  from  the  axis  of 
e  jet  nay  be  (ipcprc^^^^ 

abeh  ^“0;  ;  iAsnff^/i,:— "dl 

•  \mlm  .  ^  e  (7.^5) 

After  detennioing  the  axial  concentration  at  a  certUr.  distance  x^  from 

!  edge  of  the  injecto;  nOsale,  it  is  possible  to  coirpute  the  concentration  at  any 
int  of  the  dot  A 

■  ■  .  - .  .  -•  r 

'dM. 


R 

J 

JL 


•  ’m 
ML\r 


L  J 


(7.66) 
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-fi^centfatlqnp  or  air  excesses,  ^as  -aLfecfip^^^  ihe.  ,^eta;nce's.  x  •aiidj-,  ihe  'degree  of 
^iwbiaen(»V'^^v,^^^  pne  constant-  CiriMch-  i's  ,de%rMne .,  • 

■.  .'E3M>ifei-  iffee  fuel  consumption  thrctagfe  a sceMrif ugai i ^  Ip  |m/seC. 

Fi^d:  the  cdins^nt  Pi  if  during  a  flow  veipcity  of  *  Ipp  if/sec  and  an  aif  density 
of  the  excess  j^r  coefficient  *  1  per  distance  of  x^  =  100 

nil  from  the  injectof  hotzie  •  Fidd-  i3:So  the  <«cess  air  coefficient  at  a  distance  of 
S'#  'ip  m  -f^mr-the,  ^s- 'in'P'--cip'sdrsoctidn-;idcated^  -at  a  .distance  x  -  .200,  #1,  fron-  the 


..it^ectpri.  ••if‘'"t?»C'--#;i|reCipf,'tur'^  ’■ 

-iK^the'pcjnstpi^v^Cii^^  •  --• 


‘CM 


iL 

:ds^r'"  - 


^!^k^BCCOTS’  ■alr-^CDi^tc2pr^4;pa:t^^»wu^ 

’  "  -  ■  ■  ■  ■’  ',  .X-.  - ,  -.  ’  -■  '  '  '  - , 
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'  ^  e^Ml^on .  ehanberS'  .not'  ^ei^it  • 

y  ;]^|i^j|E  of  ti^  ihe  ei^he«  mjet  eombus* 

/lioarQiiiiiijiyi^sjiljr;;'^^  rpiijet  en^ne  cdiibustioh  chainbers  and 

.j^ijarlbntc.- Taijet; -ei^ne-  cbilmaiidn  bhand^  From  ^  ata^point  of  gas  dynamics. 


|h.\|Nn»s^e  coBtatioh  chali^  stibsonie  onSs  in  tlut  tl^  air  flbv  rate 

^cn^j%e  svqimoMc  rluBjet  sngine  is  United  by  the  condi¬ 
tion  of;  i^eh|  fuel  idxtm'eS)  r^ins  ephst^^  A 

^fn^rituure/iirtf iaUon  of  tbe  c  hpt  effect  the  air  consumption 

in;  jt  sn^sp^^c^  The  air  flow  rate  in  a  subsPnt^  PbPbbstion  cham- 

•  - 

1^  d^nds;  The  sti^^tipn  te^ratw^  of  the  flow  at  tte  inlet 

.‘^'rf;Cti|^spi^#r|^eb;4hg^^;cbnbdst^d^  l'8::Mg)ier''t^-ttet-pf  a  subsonic 

-ehai^*^  '^MCMsa^'-  hj^ci^^  ihstallations^'-  for-  =pre-heating' 

'iiiji;{epi|lKi8ti#-'''!bhfdii^  engines^-'i^.  te'  divided 

Ihib;  sihid.e»regi«e «.  idiich  ajps  intended  for  bjperatibn  idthin  a  narrow  range  of  fuel 


■ii^wesi  i^lpeitidSi  idr  pressures^  lu^  fuel  flbw  ratesi  and  into  nultiple^regjne  ♦ 
which  art  intended  for  oration  over  a  idde  range  of  velocities  and  flight  altitudes. 


and  consequently,  over  a  wide  range  of  velocities  and  flow  pressures  in  the  coabus- 


iion  chahberi  fuel  Mixtures,  and  fuel  flow  rates* 

Conbttstion  clianbers  nay  be  divided  into  single-staye  (Figure  Ibb)  and  two- 
ft  age  (Figure  lb5)  according  to  the  organisation  of  their  combustion  processes.  The 

e 

fuel  in  singld-stage  combustion  chambers  is  fed  into  the  entire  air  flow.  These 
eoadwstion  chambers  are  more  suitable  for  operation  on  rich  mixtures:  o(  >1.  In 
two-stage  eoabustion  ehaiid>er8,  the  air  is  divided  into  priJuuBy yand) seonadary  flows, 


as  in  the  eos^ustion  chanbars  of  gas  turbine  engines.  Fuel  is  introduced  into  the 


priaary  flow,  ewbustion  occurs  at  the  most  suitable  composition  of  the  mixture,  close 
to  stoichiometric.  Later  the  combustion  products  are  mixed  with  fresh  air,  with  the 
idea  of  lowering  their  temperature  to  the  required  value.  Two-stage  combustion 
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r^'^1-  ■§:! 


.  ^  5  :  V  -•••i*^::v^f  •* 'If.v  -.'r-r.r  ,  -  4,'-  ..  •'*:  '  -t  ^ 


^JVC^up^on^-swho'-. 
jE))  ^iaa^’Hpider 

spiM 

iH)''  'll^flp^' 

:x|>l'" . . 


% 
6i^‘ 


Q) 


COM 


it|C<»:;i3iMi>^'-:^iwiij^o-^^ti--eM  .. .  ^  ~  -  -  - 

;  .;iv^*:«‘cihiii|lc,5'^^^  •4’;i^|^'dttTe”  eu^iany'  rtw* 


A:  ItablXiiini:  type  #  ?w|^  eqnbosiioii  chaabers  naijr  be  used  only  in  those  cases  uhere 
tbito  ddfjleier  not  too  great  (not  more  than  500>i|00  sai).  The  utilisation, as  flame* 
holdiirs,  of  impinging  jets,  ceraide  wedges,  aiid  radioaetiTe  conbustion  activators  is 
•led  possible. 


;^<ses/nye  ■  ^  :Mii9tim^ 


At 

>  j9Ma  HptttUt  tt>  — 
emHutmit 


4p90CyitfiU^  f^0HtduJfUMtmoo¥' 
llg.  lli$.  A  diagram  of  a  su^rsonic  two-stage  combustion  chamber. 


begendt 

a)  Primary  stage 

B)  fXiel 

C)  Secondary  stage 

D)  Coid)U8tlon  and 

nbdng  som 
S)  Injectors 
F)  KLaoe-^iolders 
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1 


Spark  igpiitlohj)  ignition  by  an  inc^desceht  virej  and  pyrotechnic  ignition  are 
pMlible  am  of  ighitihg  the  foel  iixtm*  At  very  high  superaohic  velocities, 
ahih  the  stf^tioh  toqfwratihre  of  the  flov  is  great«r  than  the  ignition  tanperature: 
^  IShitiOh  is  ppssibie  by  coiqixressioh  (Figure 


Intend: 

A)  ^lUiscconds 
beforehand  in  a  shock  vave. 

SprlQTi  si^l^ind  pneimatic  injectors  are  used  to  feed  the  fuel  into  the  combus- 
tllMi  dialer.  Evaporative  fuel  feed^  in  ^ch  the  fuel  before  being  introduced  into 
the  ccN^ustipn  chi^^  is  evaporated  in  a  special  Vaporizer  and  the  fennihg 
Tippnfure  idjced  uith  the  ai^^  is  another  possibility. 

jCoik^Uph  ctuMa^  as  coebusticai  diambers  with  gradual 

‘iA3dhi;:br^  as  cortbustion  diaibers  with  instantaneous  iiadng  in  accordance  with  the 
pe^eular  iiethod  of  nixing  the  fuel  and  the  conbustion  products  with  the  air. 
1^«oretieal  calculations  show  that  in  the  bese'bf  .dnetantaneouS'Mizipg  when  ocnbustlon 

I 

[  tendiuites  at  a  dis^ce  which  is  equal  to  the  thickness  of  the  turbulent  flane 

! 

Aront,  a  considerable  decrease  in  engine  weight  nay  be  obtained.^ 


% 


SBCnON  2.  STABILIZING  ELEMENTS  OF  A  COMBUSTION  CHAMBER 

A  stabilised  eonbustion  chamber  (see  Figures  liih  and  lli5)  includes  the  follow¬ 
ing  elements:  1)  an  installation  for  the  introduction  and  atomization  of  the  fuel; 
2)  ignition  units;  3)  turbulence  rings  (turbulixers);  li)  flame-holders;  $)  mixers. 


^heferdt  U.  F..  yosplsmeneniye  gazovykh  smesey  impul'sami  davlenlya  /fl 
nltion  of  Oas  Mixtures  Iby  Pressure  ispulses/,  Colleciion  Voprosy  goreniya  /co\ 
FroblsM?,  Part  2,  printed  in  Foreign  Literature  ?ub.  House,  1953. 


Jhe  Ig- 
^ombustion 


^Avery*  w.  R.  and  Hard,  R.  W.,  "Combustor  Performance  with  Instantaneous  Mixing,' 
Ind.  and  Eng.  Chem.,  vol.  VIII,  1955,  I63ii-1637. 
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tte  dtiign  of  i^iddual  eimnts  dOpends  upon  the  purpose  and  i9>on  the 

:  5  ^  W  of  the  fuoi  consists  of  centri* 

InjeOtors*  Sttali«>diaieter  eosbustiOn  chaabers  are  supplied  with 
^  wi.  Muiy  injectors*  Injectors  are  selected  so 

ibatf  :bi^  ^  enti^  Cf^atihg  range  of  the  CMbusUm  chaniber^  the  local  concentra- 
ii^  the  rei^  the  Units  of  ccaibustion  in  the  areas  of  the  flaEe<-‘ 

hollterp^  The  Ipc^  cmcehtration  of  the  alxture  is  usually  greater  than  the  average 
conMntratipn* 

The  injectors  iiiOt  bp  so  situated  in  relation  to  the  air  flow  as  to  insure  the 
best  di|q^  eyapOratipn^  and  nljdng  of  the  fuel  with  the  air.  In  order  to  in- 
OTMse  tte  ata^  tine  of  the  <brpps  in  the  space  in  front  of  the  f lane-holder^  it  is 
.^adtant^icloui;^^  tfe^  facing  the  s^  At.  very  high  flow  velocities^  the 

diXferences  in<  ato^sation  as  produced  by  centrifugal  direct-spray  injectors  will 


eease-^  IN  nbtieeab^^  To  increase  the  iNppriMtion  and  nixing  of  the  fuel  with  the 


sir^i  it>  is^  Ailvantageous;  to  /locate  the  in  jeetprs  in  the  hi|^-veloeity  areas  • 


••  •  I 


•>  ‘  /  /I 


I  .  i^^^pkamepa  0  CmadumtMmop 


Legends 

A)  Froconhustion 

chaaber 

B)  flans-holder 


Fig*  lli7«  An  external  view  of  a  pre-eonbustion  chamber  with  a  ring-shaped  flame- 
.holder* 


The  space  between  the  injectors  and  the  combustion  sons  behind  the  flame-holders 
is  called  the  carburation  aone* 

faporisation  and  mixing  in  the  carburation  sons  usually  do  not  end;  therefore,  a 

* 

mixture,  non-honogeneou.)  in  eoflq[>085tion  and  eontitnlng  e  significant  percentage  of  fbel' 
in  dr^>-ilquld  form,  penetrates  into  the  combustion  zone  behind  the  flame-holders*  A 
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heterogeneous  cc»i>ustion  of  a  tuo-phase  nixturey  the  coabustion  of  a  idxtiu'e 
lAleh  contains,  both  the.  vipors  .ahd.dxopa  of4a*fttsX/.take9  piece  in  ^the  coBbuetion 
vcihiiribers  or*  ramjet  enginee*' 

The  ignition  units  of  a  combustion  chamber  are  usually  electric  spark  plug  ig¬ 
niters*  To  facilitate  the  ignition  system,  and  to  increase  the  reliability  of  start¬ 
ing  the  combustion  chambers  of  ramjet  engines,  the  chambers  may  be  supplied  with  a 
pyrotechnic  cartridge  with  an  electric  squib,  similar  to  those  in  the  ccacbustion 
chambers  of  liquid  fuel  rocket  engines  of  the  V-2  type. 

To  facilitate  the  starting  and  stabilization  of  the  combustion  process,  the 
combustion  chambers  are  usually  equipped  with  a  pilot  light  or  preliminary  combustion 
chambers  precombustion  chaabers  and  flame-holders  (Figure  1J|7). 

The  preliminary  combustion  chamber  maintains  a  powerful,  constantly  operative 
jet  of  flame,  which  ignites  the  basic  mixture.  The  precombustion  chamber  is  located 
at  the  beginning  of  the  main  combustion  chamber  (see  Figure  lU^b)*  The  inlet  cross 
section  of  the  preconbustion  chamber  has  a  small  relative  value  so  that  the  velocity 
of  the  flow  through  the  precombustion  chamber  is  sufficiently  low  so  that  the  igni¬ 
tion  and  coabustion  of  the  mixture  is  reliable*  One  centrifugal  injector,  ibich 
gives  fine  atonisation  during  low  relative  flow  velocities,  is  usually  located  in  the 
preliminary  combustion  chamber.  The  ignition  spark  plug  is  located  in  the  same  area 

i 

of  the  precoabustion  chamber,  where  there  is  a  sufficient  concentration  of  fuel  vapor. 
The  tcmgue  of  flame,  which  extends  from  the  precombustion  chamber,  must  reach 
the  turbulent  tone  that  is  formed  behind  the  flame-holders. 

The  flame-holders  are  usually  manufactured  from  steel  channels  and  are  placed 
in  the  form  of  rays,  concentric  rings,  or  transverse  grates  (see  Figure  Ihhb  and  lb?). 
The  use  of ^ ceramic,  quartz,  and  catalytic  flame-holders  is  possible. 

The  outside  walls  and  the  nozzles  of  supersonic  combustion  chambers  are  usually 
cooled  by  air. 

During  the  manufacture  of  the  elements  of  combustion  chambers  care  should  bo 
Men  to  assure  that  the  chasber  cross-section  should  not  be  oMmrloaded,  that 
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the  drag  coefficient  y  shouxd  not  be  excessively  high,  inc^^e.  ^  ^  ij^eases 
the  eoaibustion  effieienQr  Idvere  the  pressiirc  of  tte  tt^ust  nozzle 

and  decreases  the  inpulee  of  the  esdiaust  gasM^ 

SBCnON  3,  A  STUm  OF  CCKBUSnON  IN  A  CXUIil]I^CAL  (K)HBUSTiC^ 

The  basic  problons  of  CoebuStion  and  flaiee  holing  be  investii^ted  idth  the 
aid  of  an  experiaiental  device,  dk^icted  in  ngm  lltS, 


Air  fr<M  the  compressors  enters  a  plenum  or  reservoir ,  the  diameter  of  idiich  is 
several  times  greater  than  the  diameter  of  the  combustion  chamber.  The  Static  pres¬ 
sure  p  in  the  plenum  is  close  to  the  stagnation  pressure  Pq*  To  reproduce  the  stag¬ 
nation  tea^ratures  idiich  take  place  in  flight  during  high  Mach  numbers,  the  reservoir 

Legends 


a  ^Matpodoe 
JVL  ^jamittHue 

"tt 


mnopoi  * 
Fit 


A)  :Fitpt  B):  Spari:  igniterj 

C)  sp^^i  D) 

^  S)  •srith  pilot' light; 

]f)  Oxy^j^dro^n; 

Thcmoneter; 

i 

Fig.  litS.  A  diagram  of  an  eiqperinental  cxmstant  cross-section  Combustion  chamber. 


is  siqf>pl^.ed  idth  a  preheater,  vhieh  is  usually  represented  by  a  small  combustion 

diaieber,  operating,  for  ezajqple,  on  acetylene  and  oz^^gen,  on  benzine  and  air,  or  on 

hydrogen  and  oxygen.  The  preheater  contaminates  the  air  vith  combustion  products, 

0ns  must  tolerate  this  occurence.  To  preheat  1  kg/sec  of  air  at  100^  requires  a 

thermal  poser  of  •  c.  GAT  »  0.2U*100  *  2ii  kcal/aec  »  100  kilowatts.  (The  corres- 

^  ^  Mq  2li 

oonding  benzine  consunption  G»  is  equal  to  0.  *  rp  •  *  2.3  gm/sec.)  The  com- 

•  ,  •  “u  10,500 

pressed  and  preheated  air  enters  the  combustion  chamber  through  a  throttling  orifice 
or  nozzle  (which,  at  the  same  time,  serves  to  measure  the  air  output).  The  combus¬ 
tion'  chamber,  represented  by  a  cylindrical  tube,  is  equipped  with  an  injector,  a 
mixer,  a  flame-holder  vith  an  ignition  unit,  and  an  exhaust  nozzle.  It  is  possible 
to  reproduce  exactly  those  conditions  which  take  place  in  a  combustion  diamber  at 
various  altitudes  by  varying  the  temperature  and  pressure  in  the  chamber  Tq  and  pq 
and  by  matching  the  diameter  of  the  exhaust  nozzle. 
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It  is  necessary  to  knov  the  following  values  to  judge  the  corcbustion  process 

Logendt 

a)  to  the  booster 
B)  Vened  turbine 

Fig*  lli9*  Schematics  of  fuel  flow  meters* 

a  —  venturi  meter,  b  —  vaned  flow  meter* 


The  air  output  is  G^*  The  air  output  is  measured  according  to  the  pressure 
drop  in  a  measured  nozzle  (or  an  output  disk),  the  through  section  of  which  Sj 
is  known.  Frcsn  {.2*k9)  and  (2*7ii) 


*y  a+i  VRTi,  * 


(8.1) 


where  Pq^  and  Tq^  the  stagnation  pressure  and  temperature  before  the  delivery 

nozzle; 

is  the  static  pressure  behind  the  delivery  nozzle; 
is  the  pressure  factor,  measured  by  experimental  method* 

Good  nozzles  have  0.99 <  or' <  1,00.  The  rules  for  measuring  consuir.ptions  are 

9 

given  in  special  worl.s*^ 

The  fuel  consumption  is  Gg  •  The  fuel  consumption  is  measured  with  the  aid  of 
a  flow  meter  (Figure  ll;9a)  or  by  a  vaned  flow  meter  (Figure  li*9b)  *  If  the  absolute 
pressure  drop  in  the  flow  meter  is  equal  to  Ap  mm  of  mercury  or  13*^  Ap  mm  of  water 


and  the  cross  section  of  the  flow  meter  is  equal  to 

‘  \  0,  =  |cS  V  2gTr  *  3.6ip, 


(8*2) 


idiere  is  the  flow  coefficient  of  the  flow  meter,  determined  by  means  of  experiments 
is  the  fuel  density  in  kg/m^. 

^Makarov,  A.  N*  and  Sheriran,  N.  la*,  Raschet  drossel’nkh  ustroystv  ^^he  Computa¬ 
tion  of  Orifice  Plate^y  ^^etallurgl zdat  ^etail\u*gicai  Frinting  House/,  1953* 
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Consuiption  is  determined  by  the  rotation  speed  of  the  vanes  vlien  an  electric 
flow  aeter  is  used. 

The  static  and  total  pressures  in  the  beginning  of  the  combustion  chamber  are 

e 

P2  P02>  front  of  the  discharge  —  and  P03;  at  the  exhaust  nozzle  edge  — 

P|^  and  Pqi^.  The  pressure  is  measured  by  means  of  static  and  dynamic  tubes. 

The  stagnation  temperatures  at  the  combustion  chamber  inlet  Tqi  -Tqx 
temperature  before  combustion) j  after  combustion  they  are  Tq^  *  TQg  (i.e.,  before 
discharge) I  are  equal  to  the  stagnation  temperature  of  the  effluxing  gases  Tq^.  Hov> 
ever,  to  carry  out  an  exact  measurement  of  the  combustion  products  temperatures  vhen 
the  coif>ositions  of  the  mixtures  are  close  to  stoichiometric  is  difficult, 

since  the  measured  temperatures,  i^ch  exceed  2,000°  C,  lie  beyond  the  heat  resistance 
limits  of  existing  thermocouples.  The  measurement  of  very  high  temperatures  is  car> 
ried  out  spectrographically,  by  a  method  of  rotating  the  D  lines  of  sodium.  This 
labor-consuming  method  requires  intricate  equipment  and  qualified  personnel .  Thei 

4 

fore,  only  those  ten^ratures  before  combustion  Tq^  are  usually  measured.  The  stag¬ 
nation  tea^rature  after  combustion  is  calculated  by  the  flow  equation  (2.U9),  after 
measuring  the  pressure  Pq^  and  p^  in  the  exhaust  section  of  the  combustion  chamber 
S3,  the  area  of  idiich  is  known: 


f  -1  vtLi 

'  (*f~l)«r  \  Gt  }  1\a»/  \A»/ 


(8.3) 


The  smaller  the  flow  of  gases  through  a  unit  of  the  nozzle  through  section 
^  (i.e.,  mass  flow  is  Yl^wi^  kg/sec  m^)  at  a  given  stagnation  pressure  in  the  outlet 
Poll,  the  greater  is  the  temperature  of  the  effluxing  flow. 

Example.  Ve  will  find  the  temperature  of  the  exhaust  gases,  if  the  stagic  pres¬ 
sure  at  the  outlet  edge  of  the  combustion  chamber  p^^  ■  1.02  kg/cm^j  the  total  pressure 
POU  “  kg/cm^j  the  combustion  chamber  exhaust  section  S|^  «  100  cm^,  and  the  out¬ 
put  of  the  gases  0^^  ■  1.29  kg/sec;  the  gas  constant  R  ■  29.5  kg  roAg  degree. 

We  will  assume  that  for  the  heated  gases  kg  •  1.3* 

We  find  the  stagnation  temperature  by  the  formula  (8,3),  by  substituting  the 


26i: 
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values  uith  the  index  "3"  for  the  values  with  the  index  *!*"• 


Th* 


i9yB.a 

MjS‘100\S 

29b3-0^  ' 

1  1.29  / 

SECTION  li.  COMBUSTION  CHAMBER  PARAMETERS 

Conbustioi  chambers  serve  for  the  combustion  of  a  fuel,  i.e*,  for  the  conver- 
sion  of  its  chemical  energy  into  the  enthalpy  of  the  combustion  products.  The  more 
complex  the  units  for  carburation,  ignition,  and  flar.e  stabilization,  the  more  com¬ 
plete  the  combustion,  but  the  greater  the  energy  losses  in  overcoming  local  resis¬ 
tances,  the  pressure  ahead  of  the  exhaust  is  smaller,  and  the  exit  velocity  and  jet 
thrust  of  the  eaduust  gases  are  smaller. 

In  this  way,  the  quality  of  the  combustion  chamber  is  characterized  by  two 
parameters:  by  the  drag  coefficient  ^  and  by  the  combustion  efficiency  <-^sg* 


The  Determination  of  the  Drag  Coefficient  of  a  Combustion  Chamber 
In  order  to  determine  the  drag  coefficient  of  a  combustion  chamber  ^  ,  one 
measures  the  stagnation  pressxire  Pq2  and  the  static  pressure  p2  at  the  cnnbustion 
chamber  irJet,  and  also  the  stagnation  pressure  p^  directly  behind  the  f  lame^holder . 
In  order  to  exclude  pressure  losses  idiich  are  produced  by  the  initial  heating,  a  more 
reliable  measiarement  is  carried  out  in  the  absence  of  combustion,  but  at  the  same 
fisnr  ra^.  as  in  an  operating  combustion  chamber,  IXiring  cold  floor  tests  the  air  out- 
put  is  regulated  by  means  of  a  bullet  or  valve,  idiich  is  installed  in  the  eidiaust 


nozzle  (Figure  1^0) • 


tOroouNft 


Legend: 

A)  fUel 

B)  Carbueration  zone 

C)  Coribucticn  zone 

D)  Injectors 

2)  r'lemo-lioldor 
?)  Nozzle 
G)  Bullet 


Fig.  150.  A  diagram  of  the  measurements  in  a  combustion  chamber. 
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the  local  drag  coeftieient  of  the  cc^uation  chamber  is  found  from  the  equa¬ 
tion  (li«19}  liith  the  ooBei>ierhtion.<tf 


Jtt. 


*j  »  ;  .If* 

-te) 


(8.I1) 


Here* 

•  •  *-» 

Only  those  pressures  which  may  be  raasured  directly  are  included  in  the  formula 


(6.1i). 


The  Determination  of  ^  Combustion  Efficiency 
The  ratio  of  the  enthalpy  increase  of  the  combustion  products  G^i  to  the 
chasdcal  energy  flf'.tbe./ftiil  fl^y«latzodueed  intet!the;oosjbartiott^d)h>i>ec.i&  ea^^ 
lit*  nbiibnetibn.effieieney  •  ^gg* 


(8.5) 


where  is  the  average  heat  capacity  of  the  ccmbustion  products  in  a  temperature 
range,  firom  0  to  Tq^; 

is  the  average  heat  capacity  of  the  air  in  a  temperature  range  from  0  to 
Tq2* 


The  excess  air  coefficient  is  determined  by  the  fuel  flow  rate  into  the  com¬ 
bustion  chamber  and  is  set  experimentally. 

To  calculate  the  combustion  efficiency^  it  is  necessary  to  know  the  air  flow 
lAieh  is  determined  by  a  measuring  orifice  at  the  combustion  chamber  inlet«  the 
fuel  consumption  O^i  the  cross  section  of  the  combustion  chamber  or  the  cross 
section  of  the  exhaust  noszle  S|^s  and  the  static  and  total  pressure  in  one  of  these 
sections  pj^  and  PoJ|)Or  p^  and  pQy 

Vs  find  the  combustion  efficiency  ^gg  from  the  equation  (6.5) «  after  substitut¬ 
ing  the  stagnatim*  temperature  of  the  combustion  products  (Toi^  **  Tq^)  from  the  equa¬ 
tion  (8.3)  in  it*  « 


(8.6) 
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The  drag  coefficient  T  and  the  ccr.bustion  efficiency  ^  characterize  the 

'  sg 

suitability  of  a  combustion  chamber  to  operate  on  a  given  fuel  at  a  given  air  sur* 
plus,  but  not  the  quality  of  the  fuel,  since  under  corresponding  eonbusiionioonditions 
any  fuel  may  bum  out  almost  completely.  If  the  combustion  chaisber  is  inadequately 
constructed,  even  a  fuel  like  benzine  burns  poorly.  There  are  cases  known,  when 
combustion  chambers,  which  were  intended  for  the  combustion  of  kerosene,  operated 
poorly  on  benzine.  This  is  explained  by  the  fact  that  during  operating  on  the  more 
volatile  benzine  mixture,  the  mixture  ahead  of  the  flame-holders  arneared  to  be  over- 
enriched  K  ^1),  but  downstream  of  the  flame-holder  the  mixture  ralior.  failed  lo 
decrease  enough  for  combustion  with  the  amount  of  unused  air. 

The  best  combustion  chamber  would  be  one  for  which  C  =  0  and  <P  =1.  Such 

^  ^sg 

combustion  chambers  do  not  exist.  To  increase  the  combustion  efficiency,  the  com¬ 
bustion  chambers  are  equipped  with  mixers,  flame-holders  and  other  units.  These  de¬ 
vices,  which  serve  to  increase  the  combustion  efficiency  CP  ,  usually  increase  the 
drag  coefficient  of  the  combustion  chamber  5 •  1^  designing  combustion  chambers 

one  should  compromise  by  striving  for  a  ration  between  and  ^  ,  at  which  the 
specific  air  impulse  of  the  gases,  which  exit  from  the  combustion  chamber  at  a  given 
mixture  composition,  appear  to  be  the  greatest. 

One  cannot  find  analytically  the  optimum  ratio  between  and  because  of 
the  impossibility  of  establishing  a  single-valued  analytical  connection  between  these 
values.  Therefore,  the  problem  of  the  optimum  arrangement  of  a  combustion  chamber 
must  be  solved  by  an  experimental  method. 


The  Determination  of  the  Air  Specific  Impulse 
The  ratio  of  the  thinist  of  a  flow,  which  acts  in  the  exhaust  section  to  the 


air  output  is  called  the  air  snecific  imnulse; 

0.  • 


(8.7) 


A  force,  idiich  acts  in  any  section  of  tho  flow,  as  is  known,  is  expressed  by 
the  formula  (2.76).  For  the  section 
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CoiiMq^Ujy 

'•-^(1 0  +  *»^ 
^lUMm  <4<^wrce^«Lthi^«  MtieU 


(8.8) 


Nj^  •  1^  the  eritical  specific  air  iifnilse  ^  will  be  equal  to 


('+*)• 


Considering  that  «e  obtain 

«»  *41 


(8.?) 


The  ratio  of  the  true  specific  iapulse  to  the  possible  isaxiaua  with  a  given 
fuel  Imm-r  (uhen  (  *  0  and  •  1),  is  called  the  impulse  efficiency 


4«‘ 


(8.10) 


The  impulse  efficiency «  shich  is  dependent  on  losses  from  incoi^lete  combus¬ 
tion  and  from  local  drags^  characterises  the  perfection  of  a  combustion  chamber. 
i»^U  must  be  such  so  that  mill  be  maximum. 

Kxample  1.  Find  the  drag  coefficient  of  a  combustion  chamber  C  if  the  pres¬ 
sure  at  the  inlet  Pq2  *  1.80  kg/cm^,  and  p2  *  1.72  kg/  cm^,  but  the  pressure  drop 

A  p  ■  0.29  kg/cm^.  According  to  the  formula  (8.U), 

\  r  As  1  0.4 0.»  I 

** ’*  a  a.  tJ  *14 1  to  44 

'  ■  "(t)  ’  ■  -fjf 

Bxasple  2.  Find  the  cosibustion  efficiency  if  Gy  ■  2.3h  kg/sec,  S|^  ■  130 
cm^i  pj^  -  1.006  kg/cm^,  p^^  «  1,6?  kg/cm^,  Qg  •  71  g/sec^  Tq^  •  1435®  K»  •  10,3X 

kcalAc«  ond  L  •  114*9. 

Ve  will  assume^  that  for  the  heated  gases  kg  ■  1.3.  The  enthalpy  of  the  air  at 
the  conbustion  diamber  inlet  Iqj^  is  found  tgr  ^1^  i~T  diagram  (see  Figure  93);  iQ,^  • 

118  kcalAc* 


0  PM 


According  to  formula  (8.6)  the  co^}leteness  of  combustion  is 
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SBCnON  5*  THE  EFFECT  OF  THE  MIXTURE  EfLRAMETERS  ON  THE  COMBUSHON  EFFICIENCY 


The  eoeibustion  efficiency  depends  on  the  parenetere  of  the  mixture  idiich  ap> 
proa<’*ie8  the  flame-holdere.  In  order  to  eliminate  the  effect  of  carburation,  ue  will 
investigate  the  variation  of  the  combustion  efficiency  with  the  siarplus  air  factor  cC, 
the  initial  tenjperature,  the  degree  of  turbulence «  and  the  nature  of  the  premixed 
fuel  mixture^  i«e*»  the  fuel  was  vaporised  and  mixed  with  the  air  so  that  the  compo¬ 
sition  of  the  flow  would  be  the  same  across  its  entire  cross-section* 

The  effect  st  tiie  coaposition  of  ^  mixture*  Esqperience  shows  that  the  com¬ 
bustion  chambers  may  operate  on  similar  premixed  mixtures  only  within  narrow  limits 
of  the  excess  air  coefficient*  Thus,  in  Mullen’s  tests,  a  combustion  chamber  operated 
on  a  homogeneous  mixture  prepared  befordund.'only'  over  the- range  of' 0*7<^^1*6* 
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Logend: 

A)  CorJbustion  efficicnc:/- 

B)  Iqpulse  efficicnc:/ 

C)  iUr  specific  iz^nilse 


Fig*  151*  of  the  ooa|>o8ltioB  of  a  premixed  mixture  job  V  and  7l 


If 


The  combustion  efficiency  has  a  maximum  value  which  lies  approximately  at  1.0  < 
<<to  1*2  (Figure  1$1)*  Within  the  range  of  the  composition  of  a  mixture  from  »  1 
to  Sf »  1*2,  the  combustion  efficiency  varies  insignificantly,  but  with  a  further  lean¬ 
ing  out  of  the  mixture,  it  falls  rapidly.  When  €(^^,1,6,  combustion  ceases*  In 


P.TS-97liOA 


269 


Ed3iAvrM  «aridied  to  oc<  (fgg  gradually  decreases,  since  there  is  not  suffi¬ 
cient  oxygen  for  total  coatbustion.  >lien  the  coicbustion  of  a  hoaogeneous  pro- 

nixed  xixkiare  eeaeee* 

tewperature  T2  effects  the  eonbustion  efficiency  of  a  hossogeneous  preslxed 
nilxture«  W.th  an  increase  of  air  temperature,  the  coebustion  efficiency  increases 
and  the  operating  Halts  are  broadened  (Figure  1$2)  •  The  initial  temperature  also 
affects  the  ignition  liadts  and  the  combustion  of  a  stationary  gas  in  an  enclosed 
area*  The  eombu8ti<xi  diambers  of  supersonic  ramjet  engines,  into  uhich  the 
air  coiaes  preheated  to  several  hundreds  of  degrees  due  to  the  stagnation  of  the 
oneoning  flow,  operate  under  more  favorable  conditions  than  the  eonbustion  chambers 
of  subsonic  ramjet  engines* 

The  effect  of  the  initial  temperature  of  the  combustion  efficiency  of  a  homogene- 

to  tte  fast  tiiat  with  iacniasing  teq^aturey  thspNndnaal 
velocity  of  flame  propagation  increases*  The  turbulent  moles  of  a  gas  bum  out 
quicker  and  at  a  given  degree  of  turbulence,  combustion  is  completed  at  a  lesser  dis¬ 
tent,  and  tlie  coslTustixnL  efficiency  fo^m'givenj.  length  of  the  conhuation'  el^aber.  in¬ 
creases* 

The  tiatnra  the  fuel  used  in  the  turbulent  combustion  of  homogeneous  pre- 
'^iJced  mixtures  affects  the  reaction  velocity  and  the  normal  flame  propagation  velocity. 
The  normal  combustion  velocities  of  hydrocarbons  as  heptane,  octane,  bensine,  kerosene, 
iiesel  fuel,  etc*,  have  skioutrthis  same  values  if  their  initial  ten^abures  mre- equal* 

The  noimal  flame  propagation  velocities  of  sudi  fuel  substances  as  hydrogen, 
acetylime,  or  ether,  are  greater  than  those  of  the  hydrocarbons;  therefore,  other 
conditions  being  equal,  the  codlnistieir  efficiency  of  iho  mixtures  of  *  these  sub-  -  . 
stances  with  air  will  be  greater. 

1  < 

Flow  Velocity  of  the  Mixture .  With  an  increase  of  the  mixture’s  flov  velocity 
the  velocity  of  the  turbulent  pulsations  grows  and  the  turbulent 

risme  propagation  velocity  u^  increases.  The  increase  of  the  flame  propagation 
velocity  usually  lags  behind  the  increase  of  the  flow  velocity  w„*  Therefore,  the 
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cone  angle  of  the  jet  c(,^,  is  detemdned  fron  the  equation 


and^  with  an  increase  of  flow  velocity,  it  decreaees* 

A-«0*C 

I 

C.) 


Legend: 

A)  C  ri>ustion  of ficienQr 

B)  laoulse  efficienc7 

C)  Air  specific  lupulse 

Fig.  1$2..  Effect  of  the  initial  tenperature  vtpan  the  ooidnistion  efficiency  (Pgg, 
air-^peeifie  impulse  I4  and  inpulse  efficiency  7(^. 

The  length  of  the  jet  increases  with  an  increase  of  flow  velocity^  but  the 
JOWbast^0av«^eff^ier^  for  a  given  combustion  chamber  length  decreases  (Figure  1$3)» 

At  a  sufficiently  large  flow  velocity  v,  the  flame  breaks  away  from  the  flame- 
holder  and  combustion  ceases.  The  value  of  the  velocity,  at  which  this  break-away 
occurs,  depends  on  the  design  and  dimensions  of  the  flame-holder,  on  the  strength  of 
the  pilot  light,  and  upon  the  parameters  of  the  fuel  mixture  (see  Section  9,  Chapter 
VI). 

Because  of  the  break-away  of  the  flame  it  is  not  possible  to  investigate  the 
effect  of  the  flow  velocity  on  the  combustion  efficiency  through  the  entire  range  of 
eoapositlons  of  a  mixture. 

The  humidity  of  the  air  has  a  certain  effect  on  the  combustion  efficiency 
(Figure  15h).  With  an  increase  of  humidity  the  combustion  efficiency  decreases  in- 
ignificantly.  Thus, during  an  increase  of  water  vapor  content  from  1,1*  to  2.7  per 
cent  by  weight,  the  combustion  efficiency  decreases  by  $-10$,  The  decrease  in  com- 


tusilon  efficiency  is  store  noticeable  as  the  composition  of  the  mixtiure  departs  from 
a  stoichicsietric  ratio,  and  as  the  length  of  the  combustion  chamber  becomes  smaller 
(Figure  I5ii)*  The  effect  of  bisnidity  is  connected,  it  seems,  %dth  the  fact  that  the 
normal  flame  Telocity  for  humid  mixtures  is  less  than  for  dry  mixtures*  Ifith 


dition  of  water  into  the  cylinders  of  piston  engines  eliminates  detonating  combus¬ 
tion,  i«e«,  also  decreases  the  flame  propagation  velocity.  The  effect  of  the  humidity 
of  the  air  must  be  considered  jffif *  ^ IWteK  tag  kI 

The  degree  of  tte  flow  turbulence  has  a  substantial  effect  on  the  operation  of 
a  combustion  chamber.  Large-scale  turbulence,  in  which  the  dimensions  of  the  turbu- 
iMt  moles  compare  with  the  diameter  of  the  combustion  chamber  and  exceed  the  dimen¬ 
sions  of  the  flame-holders,  makes  the  operation  of  the  combustion  chamber  difficult 
and  lowers  the  value  of  the  flow  velocity  at  which  blow  out  occurs.  A  small-scale 


turbulence,  for  idiich  the  dimensions  of  the  turbulent  moles  are  less  than  the 
diameter  of  the  flame-holder,  increases  the  velocity  of  turbulent  flame  propagation  u^ 


and,  other  conditions  being  equal,  Increases  the  combustion  efficiency.^ 

"Hlullen,  J.,  Fenn,  J.  B.,  and  Oarmon,  R.  C.,  Burners  for  Supersonic  Ran. jets, 
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Legend: 

A)  CoEbustion  c?f icienejr 
3)  Irpulse  xactor 
C)  Air  ixpilsc  factor 
i))  ?uel 
3)  n  Pentane 
p)  o  Heptane 

G)  a  Diesel  fuel 

H)  X  Diesel  fuel 


Fig*  155*  The  effect  of  the  contents  of  a  non-vaporized  fuel  on  tfgg*  and 


The  effect  of  toe  phase  coapositiai  of  a  laixture*  During  operation  on  fuel  aub- 
stances  vith  low  vs^or  pressure  for  exanple^  kerosene  or  diesel  fuel,  the  larger  drops 
of  the  atomized  liquid  do  not  successfully  vaporize  completely*  Therefore,  a  mixture, 
tolch  approaches  the  flane^'holders,  contains,  in  addition  to  the  vapor  phase  of  the 
fuel,  a  drop-liquid  phase  also*  The  presence  of  the  liquid  phase  has  an  effect 
^9ea..tlie  eharactsr,^ffal  upenr. tlwi  pualwirt iwi  Onl;y  toat 

portion  of  the  fuel  which  was  vaporized  enters  the  combustion  reaction  in  the  area 
behind  the  flame-holder*  The  fuel,  which  enters  the  combustion  zone  in  a  liquid 
state,  must  be  vaporized  before  it  enters  into  the  reaction.  The  vaporization  of  the 
fuel  drops  occurs  at  the  flame  ignition  source,  the  precombustion  chamber  for  example 
(Figure  lliU)*  With  a  sufficiently  powerful  source,  a  two-phase  mixture  of  hydrocar¬ 
bons  and  air  will  ignite  and  burn  vith  a  greater  velocity  for  finer  degrees  of  atomiza¬ 
tion*  During  a  great  leaning  out  (o(>>l*$),  two-phase  mixtures  burn  better  than  do 
single-phase.  The  more  non-vaporized  fuel  the  mixture,  that  approaches  the  flame - 
holder^  contains  (and  the  larger  the  drops),  the  more  powerful  must  be  the  ignition 
source  (see  Section  7)* 

The  parameters  of  the  mixture  have  a  noticeable  effect  only  on  the  operation  of 
Indust*  and  Eng.  Chemistry,  vol*  1*3,  I,  19$1,  195-211* 
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a  short  combusticn  ch^ber,  in  vhlch  combustion  does  not  suc^sed  to  totally  cease* 
During  a  correct  organization  of  the  process »  if  the  length  of  the  combustion  cham¬ 
ber  is  sufficiently  great  and  the  sides  of  the  chamber  are  isolated  from  thermal 
losses^  apy  mixture ,  the  composition  of  idiich  lies  within  the  ignition  limits  and 
o^>l^  will  be  practically  totally  burned* 

If  the  parameters  of  the  mixture  are  given,  then  the  drag  coefficient  and  the 
coatostion  effieieney.tEy.!  depend  on  the  oonstruotion  and  onrihe'  dimensions- of*  ^  '•  *’ 
the  flame-holders  and  igniters,  on  the  power  of  the  pilot  light,  on  the  fuel  feed 
system,  and  on  the  length  of  the  combustion  chamber* 

SECTION  6*  THE  EFFECT  OF  THE  COMBUSTION  CHAMBER  ARRANGEMENl'  ON  THE  DRAG  COSFFICIEIJT 
AND  COMBUSTION  EFFICIENCY. 

The  most  in^ortant  parameters  of  a  combustion  chamber  which  effect  the  combus¬ 
tion  efficiency  and  local  drags  are  the  apparatus  for  fuel  atomization  and  carbura- 
tion,  the  geometry  of  the  flame-holder,  the  length  of  the  combustion  chamber,  and  the 
diameter  of  the  exhaust  nozzle*  The  inlet  cross  section  and  exhaust  nozzle  have  an 
effect  on  the  flow  velocity  in  the  combustion  chamber*  To  eliminate  the  effect  of 
velocity,  we  will  consider  that  the  ccsnbustion  chamber  is,  each  time,  equipped  with 
such  a  nozzle  at  which  the  flow  velocity  has  a  given  value* 

Ve  will  consider  the  effect  of  each  of  the  parameters  of  a  combustion  chamber 
on  the  combustion  efficiency  ^  and  on  the  drag  factor  C • 

The  Qecraetry  of  ^  Flame-Holder*  The  form  of  the  flame-holder  effects  the 
operation  of  the  combustion  chamber  (see  Chapter  VI,  Section  9)* 

During  the  flow  around  the  diarp  edges  of  the  flame-holder,  a  break-avay  of  the 
stream  occurs,  which  is  accon^anied  by  an  intensive  vortex  formation. 

With  an  increase  of  the  relative  cross  section  of  the  flame-holder  . 

the  r'”lative  velocity  of  the  flow,  which  flows  around  the  flame-holder  — ,  increases 

w 

until  the  velocity  of  the  flow  between  the  edges  of  the  flame-holder  and  the  walls 
of  the  combustion  chamber  beeeaBS*evabi»>>^4lie*  leCal  speed  of  SotAd'.*  Besides,*' 
flame-holders  with  such  large  relative  cross-sections  are  not  used* 
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The  average  velocity  of  the  turbulent  pulsations  greater,  tiie 

greater  the  velocity  of  the  streams  which  breal:  asrs^  from  the  edges  of  the  flame-hold 
er*  A  growth  of  the  intensity  of  the  turbulence  inci*eases  the  velocity  of  turbulent 


flame  propagation  uj,  and  the  expansion  angle  of  the  co!i>iistion  zone  behind  t}ie  flane- 
holder  a^  widens*  Therefore,  with  an  increase  of  other  conditions  being  c'u.J., 

the  length  of  the  combustion  zone  decreases  and  the  combustion  efficiency-  at  a  given 
distance  from  the  flame-holder  increases  (sec  Chapter  VI,  Section  9)*  IIovTOvcr,  very- 
large  flow  velocities  along  the  edges  of  the  flame^holder  may  cause  the  flame  to 
break  away.  It  is  possible  to  show  that  the  optimum  relative  section  of  a  conical 
flame-holder  i  and  that  of  a  ring-shaped  one  ~  2  * 

The  arrangement  of  radial  grooves  (gutters)  (Figure  156)  aids  the  transfer  of 
the  hot  gases  from  the  ignition  source  to  the  fresh  mixture  and,  other  conditions 
being  equal,  shortens  the  length  of  the  combustion  area  and  increases  the  coin- 
bustisR'effieierK^r*  Ring-shaped  grooves  (gutters),  located  concentrically  around 
the  ignition  source,  may  serve  as  flame-holders  in  very  wide  combustion  chambers 
(see  Figure  llilib)* 

From  the  sides  which  are  turned  towards  the  diffuser,  a  flame  holder  is  washed 
by  air,  the  temperature  of  which  is  close  to  the  stagnation  temperature  of  the  oncom¬ 
ing  Ilow,  and  from  the  side  of  the  exhaust  nozzle,  the  flame-holder  is  washed  by  the 
products  of  incomplete  combustion,  since  combustion  near  the  flame-holder  is  not 

I 

totally  ended.  Photographs  of  the  combustion  zone  after  a  flame-holder  show  that  the 
maximum  ItSfflBVSCpiKtf  of  the  gases  is  reached  at  a  distance  of  several  cen¬ 

timeters  from  the  flame-holder  (see  Figure  105).  In  this  way,  a  flame-holder  has  the 
forward  side  cooled  by  air,  the  temperature  of  which  is  close  to  the  stagnation  tem¬ 
perature  of  the  oncoming  flow,  wbll^dis^lJeaP^aide  is  heated  by  gases,  the  temperature 
of  idiich  is  on  the  order  of  1,000®  C.  Considering  that  the  heat  emission  coefficient 
from  the  rear  side  of  the  flame-nold-  "  is  less  than  from  the  forward  side,  a  flame- 
holder,  which  is  constructed  of  heat-resistant  steel,  -oiWDot  bvarhaa^  as  a  result  of 
the  combustion  which  takes  place  in  its  aerodynamic  trail.  A  flame-holder  does  not 
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lg«  X5»6.  Forms  of  f lane^holders  • 

a  •  -  disk;  b  —  conical;  c  —  ring-shaped;  d  —  V-shaped. 

um  from  its  o%m  flame. 

The  combusti(Mi  efficiencies,  obtained  by  a  simple  conical  flame^holder  (Figure 
^6b)  or  by  a  eoiq)lex  flame-holder,  ccsnposed  of  a  cone  with  grooves  (Figure  l$6d),  are 
oBq;>ared  in  Figure  157*  The  combustion  efficiency  with  a  complex  flame-holder  is 
reater  than  vith  a  sinq;>le  conical  one.  The  drag  factor  of  the  combustion  chamber 
ncreases  with  an  increase  of  the  relative  section  of  the  flame-holder. 

The  length  of  tl^  combustion  chamber  has  a  substantial  effect  on  the  combustion 
fficiency,  since  the  stay  time  of  the  gases  in  the  combustion  zone  depends  on  it. 

1th  an  increase  of  the  length  of  the  combustion  chamber  the  combustion  efficiency  in- 

e 

/eases  and  at  a  certain  length  approaches  lOOjC.  Increasing  the  length  of  a  com- 
ustion  chamber  above  this  value  does  not  make  sense,  since  vith  an  increase  of  length 
he  contact  surface  of  the  hot  gases  vith  the  vails  of  the  combustion  chamber  and  the 
eat  losses  through  the  vails  grov.  In  addition  to  this,  the  friction  losses  of  the 
ot  gases  on  the  sides  of  the  combustion  chamber  and  the  drag  factor  C  of  the  com- 
ustion  chamber  increases.  The  most  suitable  is  that  length  at  vhich  the  specific 
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F'g.  y$l»  The  effect  of  the  form  of  the  Fig.  158.  The  effect  of  the  length  of  the 
flame-holder  on  combustion  chamber  on  <^sg» 

ii-  and  71 . 

I. 


^■ax 


^ —  >  and  7l  • 
^max 


on  the  combustion  efficiency  is  depicted  in  Figure  158.  The  combustion  efficiency  is 
low  at  a  length  of  150  mm  of  the  area  behind  the  flame-holder  and  idien  o^«*l.  V.lth 


an  increase  of  length  the  combustion  efficiency  of  a  homogeneous  mixture  increases 
and  vhen  t  «  li50  mm^  it  reaches  lOQl.  Increasing  the  length  of  the  combustion  zone 
higher  than  lf50  mm  may  only  lower  the  impulse  of  the  ef fluxing  gases,  since  the  effi¬ 
ciency  cannot  increase  further,  the  heaWnd^friction  losses  in  the  area  behind  the 
flame-holder  will  grow  with  an  increase  of  length.  » 

The  relative  cross-section  of  ^  exhaust  pozzle  S;.  ■  £!i  has  a  substantial  ef- 

S3 

feet  on  the  operation  of  a  combustion  chamber,  since  it  determines  the  character  of 
the  flow  of  the  gases.  Depending  upon  the  conditions  which  exist  in  the  inlet  sec¬ 
tion  of  a  combustion  chamber  the  change  of  the  exhaust  section  may  be  accompanied 
by  either  a  variation  of  the  gas  discharge,  or  by  a  variation  in  pressure  (see  Chap¬ 
ter  X,  Section  2). 


SECTION  7.  THE  COMBUSTION  OF  LIQUID  DROPS 

Streams  of  a  liquid,  which  are  thrown  out  by  direct-spray  or  centrifugal  injec- 
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tort 9  disinteorate  into  separate  drops.  Itorlng  in  the  air«  the  drops  gradually 
si^porise.  The  higher  the  vapor  pressure  of  the  saturated  fuel  vapors ,  the  quicker 
^evaporation  occurs.  But  even  during  q)eration  on  such  volatile  liquids  such  as  ben- 
sine«  the  drops  do  not  successfully  eoiiq>letely  vaporise  into  the.*epaoe.- betoeon vthe  pre- 
eonbustion  dianbers  and  the  conbustion  tone  behind  the  flaae^older,  so  that  the 
■ixture^  i^proaching  the  flaaie-holder«  contains  a  significant  percent  of  fuel  in  a 
drop  and  liquid  state.  Therefore^  not  only  vapors >  but  also  individual  drops^  bum 
in  a  conbustion  chanber. 


We  vill  consider  certain  combustion  problems  about  liquid  drops. 

To  stiaulate  the  conbustion  reaction,  it  is  necessary  to  elevate  the  tempera¬ 
ture  of  the  reacting  substances  to  the  ignition  temperature  Tysp* 

The  ignition  temperature  is  always  higher  than  the  boiling  point  of  liquid 
^kip*  Therefore,  the  liquid  surface  of  the  fuel  fundamentalljr  eauiot 
bum.  Taporisation  always  precedes  covibustion.  The  'vapor  pressure  of  such  ‘.Ir/rid 
ir  fiali  an  bnnrlnn  is  sufficiently  great  so  that  at  teaperatureBc. 
below  aimis  $<fi  C  there  are  enough  vapors  over  the  surface  of  the  liquid  for  igni¬ 
tion.  The  fractional  pressure  of  the  fuel  vapors  Phug  with  the  molecular  weight 


«  that  is  required  for  the  formation  of  the  mixture  with  the  surplus  air  e(,  is 


equal  to 

When 


1-15;  |l,-llOh«-IAp*li.-0,OI23pg^  » 

If  p^^  •  760  lOB  of  mercury,  then  p^^  •  6.5  an.  The  vapors  of  benzine  have  such  a 
pressure  at  a  teiqperature  of  -5i°  C,  of  kerosene  at  ♦ll^  C,  and  of  diesel  fuel 
at  >50**  C.  Conbustible  substances,  the  vejpers;^r»wU.ch' possess  a^pressure,'*  *  • 
which  at  nonoal  temperature  is  insufficient  to  form  a  mixture  capable  of  ignition, 
are  called  safe. 


The  vapors,  which  form  on  the  surface  of  a  drop,  diffuse  into  the  surround** 
af^l  4hs*t^iter  the  distancb  Itotf  tte'  la  the  eont^ts  of’ ' 
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«  certain. distanQO  £roa  thc.^rop^  the  mixture  . 
reaches  a  stoichiometric  ration  If  one  ignites  a  large  separate  drop,  a  "covering" 
name  vill  appear  around  it  (Figures  159  and  160)« 

In  order  to  ignite  a  drop  of  fuel  with  a  low  vapor  pressure,  for  exaiple  like  a 
drop  of  kerosene,  it  must  first  be  heated  to  a  point  so  that  the  vapor  pressure 
*  that^.is  sufficient:  for  the  formation  of’ a  fuel  mixture*'  ** 

This  preheating  may  be  accomplished  either  in  the  tanks  before  the  efflux  from  the 
injectors,  or  by  atomisation  into  hot  air,  as  in  the  combustion  chambers  of  super¬ 
sonic  ramjet  engines,  where  the  stagnation  temperature  is  very  great* 

In  the  presence  of  a  sufficiently  powerful  ignition  unit  the  preheating  of  the 
drops  occurs  in  the  ignition  flame.  Falling  in  the  area  of  the  heated  gases,  the 


drops  are  heated;  the  content  of  the  vapors  reaches  the  required  value  and  the  mix¬ 


ture  bums* 


Legends 

A)  Combustion  zone 

B)  ODCS'gen 

C)  Ysmrs 

D)  Cozinistion  zone  limit 


Fig*  159*  Diagram  of  the  vaporization  and  combustion  of  a  drop* 


It  is  not  difficult  to  show  that  during  a  fine  atomization  the  average  distances 
between  the  individual  drops  X  are  less  than  the  thickness  of  the  combustion  zone  of 


the  drops  (Figure  I6l)* 

The  number  of  drops,  which  are  contained  in  a  cube  with  a  side  a  *^('J~)*** 

The  mass  of  these  drops  is  The  mass  of  the  air  in  a  selected 


volume  is  Gy  ■  (disregarding  the  volume  of  the  drops). 


mixture  is: 


«  Tr  <<•  * 


The  composition  of  the 
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FroM  this 


Khen  Xg  * 

tsnc«  between  the  drops  will  be 

If  4i*100jp^tlienx«*2  so* 


1.225  kg/a3|  L  - 


(8.11) 

15;  <<  *  1*5  the  averase  die- 


MtOO«I.S»l5 

••I.22S 


2014. 


The  theoretical  investigation  of  the  vaporisation  and  eonbustion  of  drops^  which 
are  stationary  in  relation  to  the  surrounding  air,  was  carried  out  in  19li5  by  G.  A. 
Varshavskiy.  He  considered  that  the  vapors  that  were  formed  on  the  surface  of  a  drop 
were  diffused  into  the  surrounding  air,  iteeting  diffused  oxygen  (see  Figure  159).  At 
a  certain  distance  from  the  drop  a  spherical  flame  Aroot  appears,  where  the  chemical 
reactim  of  fud  oxidation  talces  place  and  the  heat  of  coi£>ustion  is  released.  Par- 
^allj'  it  spreads  in  the  direction  of  the  diffusing  fuel  v«r>ors  and  is  used  in  the 
process  of  vaporization,  and  partially’  it  diffuses  into  the  ambient  gases.  ITlic  edeu- 
lated  radius  of  the  oochustion  zone  is  several. tines  greater  than  the  radius  of  the 


drop*  The  conbustion  products  are  dispersed  into  the  suxrou>\dinc  aix*  after  dlffus.ing 

with  tho  o:^en  encountcrod.  In  this  a  "covering”  flame  arnoars  around  a  heated 
'drop*  la  aotbrdanee  with  Varshavskiy* s  ideas  isolated  orops^ are  capable  of.  bum< 

ing  in  an  atmosphere  of  pure  oxygen,  since  an  area  iddch  is  sufficiently  enriched 


An  experimental  investigation  of  the  combustion  of  sin^e  drops,  falling 
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ia  the  atKosi^ere  of  a  hot  gas  or  8UsqE»endo4-Oii  4u  special  ATas  c^ied  put  . 

by  sany  researchers.^  These  investigations  shoved  that  covering  flames  (Figure  I60a) 
.actually  appear  around  the  drops  at  low  relative  velocities*  During  an  increase  of 
the  relative  velocity ^  the  combustion  sone  is  displaced  towards  the  rear  of  the 
drppiand  after  this^  combustion  occurs  only  within  its  trail  (Figure  l60b)*  Invest!- 

t 

gations  at  relative  velocities  measured  in  tens  of  meters  per  second  were  not  carried 
out*  The  speed  of  vaporisation  and  combustion  of  the  drops  quickly  grows  with  an  in¬ 
crease  of  their  relative  velocity*  The  vaporisation  speed  of  drops  iranobile  in  rela¬ 
tion  to  the  air  is  not  great. 

*  The  assuiq>tion  that  the  drops  are  still  in  relation  to  the  surrounding  air,  is 
only  the  first  approximation  to  that  which  occurs  in  a  ramjet  engine*  First  of  all, 
the  drops  are  blown  out  by  the  turbulent  movement  of  the  air,  secondly,  aftelro4reaper- 
ature  of  a  burning  gas  increases,  its  specific  volume  grows,  the  flow  velocity  grows, 
the  pressure  decreases:  Po3<  P021  ^be  velocity  of  the  drops  in  relation  to  the 
gas  varies.  The  velocity  of  the  drops  at  the  mcxnent  of  penetration  into  the  combus¬ 
tion  tone  is  approximately  equal  to  the  velocity  of  the  flow:  V2  w^*  The  burning 
gases  begin  to  move  faster  than  the  drops  of  fuel*  The  gases  flow  around  the  drops 
3ii8i;i'^M4.veiir^bd^^  ^  ^  aerxx^omic  fetz^e  X' arises  .therebjy: 

;  '  (8.12) 
where  is  the  aerodynamic  drag  coefficient  of  the  drop 
is  ^e  cross  section  area  of  the  drop. 

•  During  a  sufficient  relative  velocity  Up^,  the  aerodynamic  force  becomes  so 
great  that  it  imparts  a  boost  to  the  drops,  idiich  then  approach  the  velocity  of  the 
flow  J}  the  vaporization  speed  grows* 

SECnON  8*  THE  GAS  OfHiKICS  OF  A  COMBUSTION  CHAMBER 

The  temperature  of  the  burning  gas  mixture  flowing  through  a  combustion  chamber 

iBurgoyne,  J**  and  Richardson,  J*,  Fuel,  vol*  28,  191*9,  2. 

Spalding,  D.  B.,  Eksoerimenty  po  gorenip  i  gasheniyu  zhidkogo  topliva  na 
sharovykh  poverkhnostyakh  /Experiments  bn  ihe  combustion  and  Quenching  of  a  Liouid 
Fuel  on  Spherical  Surfaces/,  Fuel,  voi*  j2,  1953,  No*  2,  169* 
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increases*  During  this  its  velocity  increases,  but  the  pressure  falls*  The  gas 
dijmaiiics  of  a  c(»ebustion  chanber  establish  a  connection  betveen  the  tesperatures  of 
the  gases  in  the  various  sections  of  the  conbustion  chanber  on  the  one  side,  aiid  with 
the  velocities,  pressures,  and  densities  of  the  gases  on. the  other  side* 

During  the  research  of  the  gas  dynanies  of  a  combustion  cha]d>er  an  assusp- 
tionls  Bade  that  the  teaperatures,  velocities,  and  pressures  in  the  investigated 
see^ons  are  the  sane*  These  allovances  are  sufficiently  correct  for  the  inlet  sec¬ 
tion  of  a  combustion  chamber  %and  only  approximately  correct  for  the  exhaust  section 
S3*  The  sones  of  temperature  and  velocity  in  the  in-betveen  sections  of  the  combus¬ 
tion  chamber,  idiere  combustion  occurs,  may  not  be  considered  as  uniform  even  in  the 
first  approximation* 

Vs  will  designate  the  temperature  and  other  thermodynamic  parameters  of  the 
air  at  the  inlet  to  the  combustion  chamber  by  T2,  y2>  P2*  The  stagnation 

parameters  at  the  inlet  to  the  coabustion  chamber  vc  will  designate  by  Tq2,  Po2f 

To2‘ 


The  critical  velocity  of  the  incoming  flow  is 

(8.13) 

The  relative  velocity  at  the  combustion  chamber  inlet  is 

The  ratio  between  the  stagnation  parameters  and  the  static  parameters  at  the 
combustion  chamber  inlet  may  be  found  by  using  the  gas  dynamic  function: 

The  stagnation  temperature  at  the  inlet  to  the  cotobustion  chamber  Tq2  may  be 
measured  by  screened  resistance  thermometers  or  by  thermocouples*  The  stagnation 


pressures  are  measured  by  Pitot  tubes,  the  static  pressures  —  by  tubes,  the  openings 
of  which  are  parallel  to  the  stream  lines  (see  Figure  150)*  Relative  to  the  pres- 
sure  ratio  it  is  possible  to  find  the  relative  velocity  at  the  inlet  to  the  com¬ 
bustion  chamber  ^2  2*68): 


(8*16) 
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The  density  of  the  incoming  air  is  determined  by  the  e^^oatioh  of  state: 

The  air  flow  through  the  combustion  chamber  may  be  calculated  by  knowing  the 
inlet  secticai  $2  and  the  parameters  p2>  Po2>  ^02  2.7U): 


<%“«!AT.-p/  (8.18) 

A  portion  of  the  total  pressure  situated  at  the  inlet  to  the  combustion  chamber 
P02  is  dissipated  in  friction  and  shocks  during  the  flow  around  the  turbulence  rings 
(turbulizers),  fuel  collectors^  flame-holders,  and  other  units  trtiich  are  located  at 
the  combustion  chamber  inlet* 


The  pressure  preservation  factor  during  the  flow  around  the  local  resistances. 


as  was  shown  in  Chapter  IV,  Section  2,  is  equal  to 


“  /te  Pm  Upm  ’ 


(8.19) 


At  low  velocities  (lt<0,2-«>0^) 


t  It 

(8.20) 

To  determine  the  local  drag  coefficient  factor  ^  in  addition  to  the  pressures 
P2  and  pq2,  <me  measures  the  pressure  drop  /ip,  which  takes  place  during  the  flow  a- 
round  the  obstacles:  Ap  •  Pq2  -  p^« 

from  (8.19)  we  obtain 

C«JL±JL 

a^i(&i)  ^  *  (8.21) 

The  local  drag  coefficient  may  first  be  calculated  if  thb' ratio  ief.;the>.bleck^ 
Age  area-§^'  to  that  of  crosst-seotion  S^  is  knomi; 

Ve  determine  -the  relative  velocity  behind  the  flame -holder  \  ^  from  the  flow 
equation  q(  X2)  ■  ^uQ(X2)»  X2  after  solving  it  graphically. 

The  enthalpy  of  the  flow  at  the  combustion  chamber  inlet  io2>  disregarding  the 
enthalpy  of  the  fuel,  is  found  by  the  i-T  diagram  (see  Figiure  92),  or  by  calculation, 
if  the  heat  capacity  0^2  known; 


kft-e^Ttn. 


(8.23) 


During  the  combustion  of  the  fuel  the  enthalpy  of  the  gases  grows: 

idiere  utilisation  coefficient^  which  accounts  for  the  losses  due  to 

incomplete  combustion  and  heat  conduction  through  the  walls. 

The  stagnation  tenperature  of  the  combustion  products  of  rich  mixtures  OC^l.^y 
considering  dissociation,  is  more  reliably  determined  by  the  i-T  diagram  (see  Figure 
92).  During  the  combustion  of  lean  mixtures  one  nai'  use  the  data  for  the  average 
heat  capacities,  without  considering  dissociation,  cpigicred*  in  Figure  85.-  Then,  '  • 

•  n.=-4L.  (8.25) 

*#• 

ilong  vith  the  burning  out  of  the  mixture,  which  occurs  along  the  entire 
length  of  the  combustion  chamber,  the  temperature  of  the  products  increases,  their 
velocity  increases  and  the  pressure  falls.  According  to  the  continuity  equation 

(8.26) 


The  velocity  may  not  be  determined  from  this,  since  the  pressures  pQ^,  py, 
and  consequently,  the  density  of  the  combustion  products  Y3  not  known. 

The  relationship  between  the  stagnation  pressures  up  to  and  after  combustion 
p^  and  Pq^  in  the  section  directly  behind  the  front  sections  and  in  the  section 
in  flront  of  the  noszle  may  be  found  from  the  flow  equation  (2.7U) 


po,«a,. 


,  /  Uh  _,/ 


I,  the  inressure  recoveiy  during  combustion  (S^g  is  equal  to 

IfL  s=  it  It 

At  f  («.)  S,  • 


(8.27) 


(8.28) 


Here 


•2 

V 


Vt 


<»•«) 

The  relationship  between  the  relative  velocities  up  to  and  after  ccmibustion  *^2 
and  maj'  be  found  from  Kilselev*s  equation  for  the  thrust  of  a  flow  (see  2.8U): 
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.  (8,30) 

In  the  case  of  a  cylindrical  combustion  chamber  •  $2;  0  and  the  equa* 

tion  (6.30}  is  simplified: 


*1+1^ 


(8.31) 


Here 


After  solving  the  last  quadratic  equatim  in  relation  to  Xoj  ve  obtain 

(8.32) 


Ji* 


‘■rr 


(8.33) 


The  pressure  recovery  during  combustion  in  a  cylindrical  combustion  chamber  is 
from  (8.28)  and  (8.3I) 

“  <»-3W 

The  overall  pressure  combustion  chamber  .is  equal  the  • 

product  of 


/et  Am  Am 


Here 


*•-/ ssf'-fef  ]■ 


(8.3$) 

(8.36) 


(8.37) 

The  flow  of  the  gases  through  the  combustion  chamber  is  determined  by  the 

throat  section  of  the  diffuser  S.  or  the  critical  section  of  the  exhaust  nozzle 

Icr 

^licr*  these  sections  is  the  flow  velocity  able  to  become  greater  than 

e 

the  local  speed  of  sound.  The  problem  of  flow  through  subsonic  and  supersonic  engines 
is  discussed  in  Chapters  IX  and  X. 

The  stagnation  temperature  of  the  combustion  products  of  lean  mixtures  0(>  1.5, 
itty  be  measured  with  the  aid  of  a  shielded  thermocouple j  the  stagnation  temperature 
of  the  combustion  products  of  rich  mixtures  0«1,5  may  be  found  b,,  calculating 
the  floiT  of  gases  and  the  static  and  total  pressures  ahead  of  the  nozzle  p^  and 

P03* 
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K  ^,  •  <«*^> 

The  heat  release  coefficient  is  determined  from  the  equation  (6«2lt)* 

If  there  is  no  convergent  nozzle  at  the  combustion  chamber  outlet ^  then  the 

Telocity  after  combustion  in  a  cylindrical  tube  may  reach  a  sonic  value*  If  ■ 

^Ucr»  X3  •  This  is  the  most  possible  value  of  the  relative  velocity  of  a 

flow  in  a  constant  cross-section  combustion  chamber.  The  velocity  at  the  inlet  to  a 

Sli 

combustion  chamber  without  constriction  at  the  outlet,  i.e.,  when  ^  ■  1»  nay  not 
be  greater  than  the  limiting  value,  irtiich  corresponds  to  X3  •  1* 

(8.39) 

In  the  absence  of  heating  I5  1;  X2max  *  increase  of 

relative  heating  d  •  ^  ^2max 


^OQc 


Vhen  -  1.15  and  «  -  Uj  -  2.3i  -  2.3  -Va.jZ  .  l-  0.23. 

Substituting  the  vcJLue  in  the  formula  (8.3U)  we  find  the  loss  of  total 

pressure  during  combustion* 

The  loss  of  pressure  in  a  constant  cross-section  combustion  chamber  is  the 
highest  then,  when  the  velocity  at  the  end  of  combustion  reaches  a  sonic  value. 

This  may  take  place  only  in  those  combustion  chambers  that  do  not  have  a  convergent 
exhaust  nozzle  (S]j  ■  ■  1)  • 

Substituting  X3  ■  1  and  X2  *  ^2max  ^*'®  (8 .31*)  we  find  the  maximum 

possible  decrease  of  total  pressure  in  the  combustion  chamber,  i.e.,  the  least  pres- 

i+a  1/  I — 


(8.1*0) 


The  dependence  of  the  relative  variation  of  the  total  pressure  in  a  constant 

cross-section  combustion  chamber  without  constriction  at  the  outlet  ^-l,  X-»»l, 

S3 

on  the  relative  increase  of  the  temperature,  is  depicted  in  the  following  table: 
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I  U  2 


e  •  » 


1  039  0,«6  032  03t  030  0,79 


Exaiwple.  Find  the  pressure  ratio  for  a  ccanbustion  chaviher  if  the  velocity 
of  the  gases  before  the  discharge  the  temperature  ratio  during  combustion 

®  the  local  drag  factor  C  ■  1»2,  ■  1*3,  ^  *  1.02,  and  ^  •  1.Q5. 

Ve  will  determine  the  functions  of  ^  and  Jl  : 

The  relative  /elocity  after  the  flaine>holder  is 

'  Jlj  /.32^  *=  23*3—  /2,343«-  i  =2,343-  2.120  =  0323. 

^  ^tern^ed  ^  va^  mst  be  checked  by  substitutlpn  in  the  initi^  .r.. 

(8.31)« 


The  pressure  recovery  for  combustion  is 


L  032y\»^ 
^  4.70.923 1*  6  f 


«(Aj)9(>^a)  23  03 


\  737/ 


>0321 


The  relative  velocity  at  the  combustion  chamber  inlet  is  found  by  solving  the 


discharge  equation  grajMcally: 


From  this: 


I _ &1} 

l,-.0.2t6:  •m-O.OOS. 


(n^idlTpre^^  ratio  icross  t^ueodbostion  chamber  is: 

••-•■V -0,965.0323  »0390. 

SECTION  9.  THE  OPERATING  PROCESS  IN  A  STABILE 2£D  COMBUSTION  CHAMBER 

K 

The  processes  of  atomisation,  vaporization,  and  combustion  of  a  fuel,  idiich  end 
by  the  turbulent  intermixing  of  the  combustion  products  with  :  ^sh  air,  occiu*  in  a 
stabilized  combustion  chamber  (Figure  162). 

The  fuel  consunqption  Gg  in  kg/sec  is  determined  by  the  number  of  injectors  n, 
the  cross  section  of  the  injector  nozzle  S^.  in  m^,  the  fuel  feed  pressure  Ap  in 
kg/m^  and  the  density  of  the  fuel  y'g  in  kg/m^: 
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(8.!a) 

I  The  flow  coefficient  of  an  injector  depends  on  its  geometric  characteristic 
and  on  the  viscosity  of  the  fuel  With  an  increase  of  viscosity  the  twist  of 
the  fuel  in  a  centrifugal  injector  deteriorates^  the  thickness  of  the  shroud  increases, 
ind  the  flow  coefficient  grows,  remaining  less  than  one*  The  flow  coefficient  of 
iireet>8pray  injectors  diminishes  with  an  increase  of  viscosity  due  to  increased 
"riction  losses*  Other  conditions  being  equal,  the  flow  coefficient  of  a  centrifugal 
njector  is  less  than  that  of  a  direct-spray  injector* 

The  tenperature  of  the  fuel  Influences  the  viscosity  and  density;  with  an  in- 
rease  of  the  fuel  ten^rature  when  A.p  •  const*  the  flow  coefficient  diminishes 
tntil  the  viscosity  of  the  liquid  becones  negligibly  small;  then  the  injector  ap- 
•roaches  ideal* 

The  atomization  of  the  fu^  is  detennined  by  the  relative  velocity,  the  density, 
ind  the  viscosity  of  the  air,  bj,"  the  density,  surface  tension,  and  viscosity  of  the 
ual*  iitiLth  an  increase  of  fuel  tesperature,  the  atomization  is  j^proved*  The  air 
^eoperature  has  a  small  effect  on  the  atomisation* 

The  form  of  the  dispersion  jet  depends  on  the  flow  velocity,  the  fineness  of 
he  dispersion,  the  density  and  viscosity  of  the  air,  and  also  on  the  location  of  the 
njector  in  relation  to  the  oncoming  flow*  With  an  increase  of  flow  velocity, 

1th  an  increase  of  the  dimensions  of  the  drops,  and  also  with  a  decrease  of  air 
ensity,  the  dispersion  jet  widens*  Ihen  the  injector  is  located  with  the  flow  the 
3t  is  soneidiat  wider  than  when  the  injector  is  located  against  the  flow,  although 
he  widening  of  the  jet  occurs  at  a  <  onsiderable  distance  from  it  *  During  the  widen- 
ng  of  the  jet  the  local  fuel  concentration  in  the  trail  of  the  injector  diminishes, 
ther  conditions  being  equal* 

With  increase  of  fli^t  altitude  the  absolute  pressure  and  density  of  the  flow 
n  the  combustion  chamber  fall  and  the  jet  widens  so  that  the  drops  are  able  to  fall 
n  the  sides  of  the  chamber*  The  variation  of  the  form  of  the  jet  must  be  considered 
luring  the  calculation  of  a  combustim  chamber  idiich  must  operate  at  various  altitudes* 
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Fig*  162.  A  diagram  of  the  operating  process  in  a  stabilised  combustion  chamber. 

The  evaporability  of  the  fuel  depends  on  its  volatility  and  temperature «  on  the 
fineness  of  the  dispersion,  on  the  relative  velocity  of  the  drops,  and  on  the  tempera* 
turn  of  the  air.  The  evaporability  increases  uith  an  improvement  of  the  dispersion, 
with  an  increase  of  the  volatility  of  the  fuel,  uith  an  increase  of  the  relative 
velocity  of  the  drops,  the  temperature  of  the  air,  Md  tetfperatara  of 

the  fuel.  The  vapors  that  are  formed  during  the  motion  of  the  drops  are  carried  anair 
albng  the  stream  lines  of  the  air.  Therefore,  vith  an  increase  of  fuel  evaporability 
the  y§por  concentration  in  the  injector  trail  increases.  The  basic  evaporation  of  the 
fuel  occurs  during  high  relative  flow  velocities,  i.e.,  during  the  movement  of  the 
drops  along  curvilinear  portions  of  the  trajectory  directly  after  leaving  the  injec- 
tor  and  while  flowing  around  the  flame-holders.  Therefore,  the  content  of  the  fuel 
vapora noticeably  increases  only  at  a  small  distance  from  the  injector,  r/ith  a  sub* 
sequent  increase  of  distance,  the  evaporability  increases  slower  than  the  turbulent 
interspersion  of  the  air  occurs,  which  is  accompanied  by  a  widening  of  the  Jet  and 
the  ccmcentration  of  fuel  vapors  in  the  injector  trail  begins  to  diminish. 

The  relative  position  of  the  flame*holders  and  the  injectors  has  an  effect  on 
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the  operation  of  a  coribustiori  ch.'iriber  onl;'  when  the  distance  betvreen  then  is  not 
greater  that  that  at  nhich  the  local  concentration  of  fuel  ceases  to  vai^.^>  i«e«^  until 
the  concentration  zones  becoae  even*  .ihcn  the  flaae-holdcrs  and  the  injectors  are 
located  too  close  together,  a  narroir  jet,  trliLch  contains  less  drops  arid  <’aore  liquid 
fuel,  will  fall  on  the  flame-holders  J  conditions  vdll  be  unsuitable  for  ignition  and 
conbustion.  Vihm  the  flame-holder  is  located  further  from  the  injectors  the  width  of 
the  jet  will  grow,  the  evaporability  of  the  fuel  and  the  concentration  of  the  vapor 
phase  will  increase,  but  the  concentration  of  the  liquid  phase  will  decrease;  condi¬ 
tions  for  combustion  T/ill  improve,  •ind  v/ill  finally  become  perfect.  During  a  further 
increase  of  the  distance  betireen  the  flaioe-holder  and  the  injectors,  the  vddth  of  the 
jet  will  slowlj’'  increase  due  to  turbulent  intermixing;  the  evaporability  of  the  fuel 
will  grow  until  it  finally  roaches  100%»  The  contents  of  the  liquid  phase  of  the 
fuel  will  decrease,  and  the  concentration  of  v^ors  will  sloarly  diminis}!,  until  the 
concentration  zones  become  even. 

At  a  given  relative  position  of  the  injectors  and  flano-holdor  of  definite  de¬ 
sign  «id  dimensions,  the  con|>osition  of  a  mixture  in  the  area  of  the  flamo-holder 
edges  will  be  determined  by  the  fuel  feed  pressure,  the  tenperature  and  nature  of 
the  fuel,  and  the  velocity,  pressure,  and  teT;f)erature  of  the  air,  .dth  an  increase 
of  the  fuel  feed  pressure,  the  fuel  consumption  increases,  dispersion  is  izproved, 
the  local  concentration  at  first  begins  to  grow  as  a  result  of  rising  proportions  of 
small  drops,  and  the  iiqprovencsnt  of  vaporization,  Vfith  an  increase  of  fuel  teopera)- 
ture,  comsunption  decreases  insisnificaritly  owing  to  dindni^ing  fuel  density  and  re- 
duetion  in  the  thieJmess  of  the  film.  Dispersion  ijiproves  because  of  diminishing 
surface  tension  and  the  local  concentrations  grow  because  of  the  irnrovement  of  vapor¬ 
isation,  the  increase  of  proportion  of  small  drops,  a;id  the  narrowing  of  the  jet.  It 
is  for  the  same  reasons  that  a  growth  of  axial  concentration  is  registered  as  a  result 
of  kerosene  replacement  b:-'  benzine. 

With  rising  temperature  of  the  air,  but  constant  fuel  temperature  T  «  const,, 

O 

dispersion  deteriorates  Insignificantly  due  to  a  reduction  in  air  density,  and  the 
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eYi35X>rabilitv  of  the  fuel  increases  because  a  greater  quantity  of  heat  is  irro^irtcd  to 
the  drops*  The  fuel  concentration  in  the  injector  trail  grows  due  to  the  groivth  of 
the  content  of  the  vapor  phase;  the  conditions  for  coinbustion  inprove* 

With  an  increase  of  the  flcnsr  velocity/  the  dispersion  irproves,  the  jet  con¬ 
stricts^  the  evaporabilily  of  the  drops  increases  and  the  fuel  content  in  the  trail 
of  the  injector  increases* 

Depending  on  which  has  the  predominant  value  —  the  growth  of  the  air  flow  or 
the  groT/th  of  the  fuel  flair  —  the  mixture  concentration  either  diminishes  or  in¬ 
creases*  A  stabilized  combustion  chamber  is  able  to  operate  witliin  a  vdde  range  of 
velocities  of  the  oncoming  flow* 


\ 

V 


o 

O 


#1)  HetosuymtHHtii  nonm 

^Jyp6uKnmnbni 
Opened  O 

o 

MMUU  mono  gajdyxaxO 
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Legend: 

A)  Undisturbed  flo’.r 

B)  Turbulent  trace 

C)  Counter  current  zone 

D )  air  stream  lines 

E)  drop  trajectories 


Fig*  163*  Ud^ranjof  a  flame-hold^  facing  4  tiro-pHase  flair* 


Vlith  an  increase  of  air  pressure  the  dispersion  is  improvedi  the  Jet  quickly 
constricts,  evaporization  increases  because  of  the  improvement  of  the  dispersion, 
and  the  flow  of  the  fuel  in  the  injector  trace  increases.  The  flow  of  air  grows 
slower  than  the  flow  of  fuel  and  the  fuel  concentration  along  the  injector  axis 
grows  during  an  increase  of  air  pressure. 

During  an  increase  of  any  parameter  which  leads  towards  enriching  the  mixture 
in  the  trace  of  the  injectors,  i.e.,  during  an  increase  of  the  fuel  feed  pressure, 
the  tenperature  or  volatility  of  the  fuel,  and  a  decrease  of  the  flight  altitude,  it 
is  possible  to  raise  the  concentration  of  the  mixture  to  the  upper  ignition  limit; 
a  rich  blow-out  occurs,  which  may  be  preceded  by  concentration  pulsations  (see  Chap¬ 
ter  VIII,  Section  12). 


During  a  decrease  in  the  fuel  feed  pressure,  the  temperature  and  volatility  of 
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the  Xtely  and  also  during  an  increase  in  flight  altitude,  it  is  possible  to  raise  the 
QOQeon^atiion  of  inixture  to  a  lean  blosr— out,  which  soEtetxioes  na**  be  preceded 
bgr  lean  concentration  pulsations* 

Carburation  has  a  substantial  effect  on  the  operation  of  a  coobustion  diaai>er* 

During  the  flow  around  the  flane  holders,  the  stream  lines  of  the  air  iraip* 

The  drops,  which  have  a  much  hi^ier  density  than  the  air,  continue  to  move  almst 
rectilinearily  (Figure  163).  The  greater  the  diameter  of  the  drops,  the  snaller  is 
the  curvature  of  their  trajectories  in  con^arison  with  the  curvature  of  the  air  stream 
lines*  Thereiore,  only  the  finest  —  the  micron-sized  drops  —  flow  around  the 
flame-holder  whidi  is  located  in  the  trace  of  the  injector,  but  the  larger  drops 
strike  against  it,  fonaing  a  liquid  film  on  the  flame-holder  surface*  A  flame-holder 
enriches  a  two-phase  mixture* 

Owing  to  the  irregularity  of  the  concentrations  in  the  disperrion  jet  to  the 
transport  of  vipors  and  the  evaporization  of  the  liquid  film  formed  on  the  flame- 
holder,  the  mixture  on  the  edges  of  the  flame-holder  contains  a  significantly  higher 
percent  of  fbel  than  does  the  flow  itiich  moves  past  the  flame-holders: 

If  an  electric  sparkplug,  located  b^nd  the  flame-holder  so  that  no  drops  of 
the  liquid  fall  on  it,  serves  as  an  ignition  source,  then  a  quantity  of  yrapor  suffi¬ 
cient  for  burning  must  arise  in  the  carburation  zone,  since  only  vqpors  and  microik- 
sized  drops  actually  penetrate  into  the  space  behind  the  flame-holder.  If  a  precom- 
bttstion  chanber  or  pilot  light  serve  as  the  ig^tion  source,  then  the  evaporation  of 
the  drops  may  reach  the  required  value  in  the  Ignition  jet,  wherefrom  the  evaporation 
and  eonbuetion  gradually  diffuse  to  the  ontirp  flow*  Sometimes  the  growth  process  of 
the  ooribustion  area  talces  several  seconds* 

Bviporation  In  the  conbustion  zone  is  determined  by  the  speed  of  the  heat  trans- 
■Lesion,  the  evqx>ration  heat  of  the  fuel,  and  the  fineness  of  the  dispersion*  Ev^- 
oration  in  the  oonbustion  zone  practically  does  not  depend  on  the  fuel  vapors 
pressure* 
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the  fuel^  a:id  also  during  cn  increase  in  ni{^t  ^titude^  it  is  possible  to  raise  the 
concentration  of  the  sdxture  iqp  to  a  lean  blosr-out^  nhich  sonetines  na^'  be  preceded 
^  lean  concentration  pulsaticms* 

Carburation  has  a  substantial  effect  on  the  operation  of  a  coebustion  dianber* 
Doling  the  florr  around  the  flame  holders^  the  stream  lines  of  the  air  waxp* 

The  drops^  which  have  a  nuch  higher  densitj  than  the  air^  continue  to  move  almost 

I 

jrectilinearily  (Figure  163).  The  greater  the  diameter  of  the  drops,  the  smaller  is 

I 

the  curvature  of  their  trajectories  in  comparison  irith  the  curvature  of  the  air  stream 
lines.  Therefore,  only  the  finest  —  the  micron-sized  drops  ~  flow  around  the 
flame-holder  uhich  is  located  in  the  trace  of  the  injector,  but  the  larger  drops 
strike  against  it,  forming  a  liquid  film  on  the  flame-holder  surface.  A  name-holder 
enriehes  a  two-phase  mixture. 

(hring  to  the  irregularity  of  the  concentrations  in  the  disperrion  jet  to  the 
transport  of  v^ors  and  the  evaporization  of  the  liquid  film  formed  on  the  name- 
holder,  the  mixture  on  the  edges  of  the  flame-holder  contains  a  significantly  higher 
percent  of  fuel  than  does  the  floir  ihlch  moves  past  the  namo-holders: 

If  an  deetrie  sparkplug,  located  behind  the  flame-holder  so  that  no  drops  of 
the  liquid  fall  on  it,  serves  as  an  Ignition  source,  then  a  quantity  of  vepor  suffi¬ 
cient  for  burning  must  arise  in  the  carburation  zone,  since  only  rapors  and  micron¬ 
sized  drops  actually  penetrate  into  the  space  behind  the  flame-holder.  If  a  precom- 
tusbion  chamber  or  pilot  light  serve  as  the  igiition  source,  then  the  evaporation  of 
the  drops  may  reach  the  required  value  in  the  ignition  jet,  wherefrom  the  evaporation 
and  conimstion  graiually  diffuse  to  the  entire  flow.  Sometimes  the  growth  process  of 
the  coidmstion  area  talces  several  seconds. 

Evaporation  In  the  combustinn  zone  is  determined  by  the  speed  of  the  heat  trans¬ 
mission,  the  evaporation  heat  of  the  fuel,  and  the  fineness  of  the  dispersion.  Bvap— 
^oration  in  the  combustion  zorto  practically  does  not  depend  on  the  fuel  vapors 
pressure. 
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In  the  beginning  of  the  coB4)U8tion  area  the  zones  of  velocities,  concentrations, 
md  teq^ratures  are  sharply  Irregular#  The  equalization  of  the  zones  takes  place 
:>n3y  a  sufficiently  great  distance  from  the  f lane-holders  (see  Figure  162 ):  the 
greater  the  degree  of  turbulence,  the  quicker  the  zones  equalize#  The  ten^cratures, 
nressures,  and  velocities  nhleh  enter  into  the  gas  dynanic  equations,  derived  in 
Section  8  of  this  chapter,  re::«'esent  but  cross-section  averages#  Thus,  one  may  speak 
about  average  velocities,  average  pressures,  and  average  accelerations  of  the  flow  in 
a  combustion  cha’dber# 

The  disintegration,  evc^oration  and  combustion  of  the  drops,  ending  by  tho  mix¬ 
ing  of  the  combustion  products  with  the  air  and  the  equalization  of  the  temperature 
and  velocity  profiles,  nast  proceed  in  but  a  few  mUliseconds#  In  oornbustion  chambers 
of  insufficient  length  these  processes  are  not  successfully  coiipleted#  The  incom¬ 
pleteness  of  oombustion  and  the  irregularity  of  the  zones  before  the  nozzle  inlet 
reduce  the  thrust  characteristics  of  a  eombbstion  chamber#  If  W2  -  100  i/sec  and 
the  degree  of  turbulence  of  the  flow  in  the  combustion  chamber  is  6  ^#1,  then 

^^^2  ^0«1«100  »  10  a/see,  i«e«,  the  pulsation  velocity,  which  determines 
the  velocity  of  the  turbulent  flame  propagation,  will  be  ten  times  greater  than 
the  normal  velocity,  which  coaputed  for  hydrocarbons  is  near  O#!;  a/sec#  In  this  way, 
the  eoni>u8tion  of  a  fuel-air  mixture  and  the  uniformity  of  the  concentration,  tenp- 
perature,  and  velocit3r  zones,  are  determined  by  the  intensity  of  the  flow  turbulence 
in  the  coabustion  ehaafcer,  the  fineness  of  the  dispersion,  and  the  relative  position¬ 
ing  of  the  injectors  and  flame-holders#  Qr  increasing  the  degree  of  turbulence,  it 
is  possible  to  substantially  shorten  the  conhustion  area# 

Pressure  drops  along  the  combustion  chaafijer  as  the  mixture  bums  out  and  the 
average  flow  velocit:'  increases#  According  to  the  pressure  drop  along  the  combus¬ 
tion  chamber,  it  is  possible  to  spproximately  Judge  the  combustion  of  the  mixture# 
Condbustion  terminates  at  that  :Doint  where  the  pressure  practically  ceases  to  de¬ 
crease  (see  i'Ugure  1^2  )• 
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SECTION  10.  HELICOPTER  EWGI NET  . COMBUSTION  CHAMBERS 

Subsonic  rarjet  engines  are  sometimes  used  to  rotate  helicopter  rotors.  The 
helicopter  ramjet  engines  are  located  at  the  ends  of  the  rotor  blades »  the  circum¬ 
ferential  velocity  of  which  lies  within  the  limits  from  200  to  300  m/sec  (Figure  l61i). 

An  engine «  which  is  located  at  the  end  of  a  rotating  blade >  undergoes  a  very 
large  centripetal  acceleration: 

Here  u  is  the  circumferential  velocity; 

R  is  the  radius  of  rotation,  i.e.,  the  distance  from  the  axis  of  the  rotor  to 
the  axis  of  the  engine. 


Fig*  l61t.  The  combustion  chamber  of  a  helicopter  engine, 
a  »  front  view,  b  —  back  view. 

Wien  R  ■  5  *  and  u  ■  250  m/sec,  J  ■  •  12,500  a^sec^  «  1,250  gm. 

Tremendous  centripetal  accelerations,  more  than  a  thousand  times  greater  than 
the  accelerating  forces  of  gravity,  have  a  substantial  effect  on  the  operation  of  a 
coaibustion  chamber  of  a  helicopter  ramjet  engine. 

It  is  convenient  to  consider  the  combustion  chambers  of  a  helicc^ter  ramjet 
engine  in  a  system  of  coordinates,  which  are  connected  with  the  revolving  rotor 
(Figure  165). 

Ptom  the  viewjpoint  of  an  observer  who  moves  together  idth  engines  ,a  centrifu¬ 
gal  force  df  acts  on  each  elenent  of  mass  dm: 

,  (8.W) 

Here  y  is  the  density  in  kg/m^; 
dP  is  the  element  of  volume. 
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The  centrifugal  forces  act  on  the  structural  elements  of  the  engine «  creating 
elastic  stresses  in  then,  on  the  gases  which  flow  through  the  engine,  and  on  the 
drops  that  are  carried  along  by  the  flow*  The  centrifugal  forces,  tending  to 
tear  the  engine  away  from  the  rotor,  act  on  each  gram  of  structural  mass,  exceed  one 
kg  of  force.  The  engine  support,  idiich  vei^  5  kg,  must  endure  a  force  of  nearly 
6  m* 


The  centrifugal  forces  tend  to  draw  the  flow  away  from  the  axis  of  the  engine: 
gradients  of  pressures  and  densities  appear  in  the  flow  (Figure  166): 

■  '  («•><« 

Wien  j  ■  1,250  gmj  grad  p  -  0.125*1,250  ■  150  kg/m^*m  »  0.015  atVm* 

The  pressure  gradient  may  be  considered  as  constant  along  the  entire  section  of 
the  combustion  chamber,  since  the  radius  of  rotation  R  is  large  in  comparison  with 
the  diameter  of  the  combustion  diamber. 

i 


Fig.  165.  The  system  of  coordinates  Fig.  166.  The  calculation  of  the  pres- 

for  coagiutation  of  rotating  sure  gradient  in  centrifugal 

helicopter  engines*  force  fields. 

A)  Flams;  B)  Drops* 

The  difference  of  the  gas  pressures  on  the  outside  and  inside  of  the  engine  is 

(8.I1S) 

where  dy^^n  is  the  diameter  of  the  combustion  chamber. 

Wien 

tf^<=0,2fflandgradp*=0,015  ats/m 
j^»if^gradp=0^-0.015==0,03atm=3  l:g/m^* 

In  this  way  it  is  possible  to  disregard  the  pressure  difference  at  the  walls  of 
the  helicopter  engine  and  the  corresponding  difference  of  densities. 


A 
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Kroa  the  of  an  observer,  xftio  novos  irith  the  en^nc,  centrifucJO. 

forces,  while  acting  on  the  drops  v/hich  move  '.rithin  the  chnr4>er,  irroart  a  centrifugal 
acceleration  to  them*  IMder  the  action  of  the  centrifugal  forces,  the  drops  depart 
firom  the  axis  of  rotation  (see  Figure  l66)* 

For  dt  time  the  drops  break  may  from  the  rotation  axis  at  a  distance  of  dx: 

I 

The  radial  velocity  of  the  drops  for  this  time  grows  with  an  increase  of  dwjj: 

dw,=idt. 

With  the  increase  of  the  radial  velocity  the  aerodynamic  drag  of  the  drops 
grows  and  their  acceleration  decreases* 

If  the  time  of  the  drops*  movement  from  the  injectors  to  the  flame-holder  is 
equal  to  three  microseconds  and  the  acceleration  J  «  12,500  m/sec^,  then  the  dis¬ 
placement  of  the  drops  from  the  axis  of  rotation  would  reach  $6  mm.  Besides,  during 
such  great  time  intervals,  the  radial  velocity  may  grow  by  Air«  jAt* 

12,500  •  0*003  ■  37 *5  m/sec,  and  the  acceleration  of  the  drops  may  not  be  considered 
as  constant;  the  true  displacement  of  the  drops  is  less  than  tnm* 

The  differential  equations  of  the  drops'  movement  in  a  field  of  centrifugal 
forces  may  be  successfully  integrated  only  in  the  event  if  one  assmaes  that  the 
aerodynamic  forces  are  proportional  to  the  first  degree  of  velocity*  This  is  correct 
idien  Re  <1,  i*e*,  for  micron-sized  drops.  Their  contribution  of  fuel''t6  the’ 'dis¬ 
persion  spectrum  is  very  small# 

» 

Within  a  certain  time,  the  radial  velocity  of  the  drops  reaches  such  a  value, 
at  which  the  aerodynamic  force  f^  becomes  equal  to  the  centrifugal  force  f: 


From  this 


(8*li8) 

4 

21-  i  R' 

«  F  1.  R  * 

(8*U9) 

kg/m^;  Yy 

■  1*225  kg/jn3j  Cjj  »  1,2,  then 

_ _ 

/  4  W  du  _26  9|/ a. 

« 

y  3  1.21.225  R  *  Y  R 
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Vhen  djj  ■  100  10  R  •  $  ■  and  u  ■  250  n/sec 

Jfe=2S,9^/  ^=0.1%  »,«=30  Vsec. 

The  naxijnuB  possible  displacement  is  equal  to  the  product  of  the  relative  velo¬ 
city  and  the  '.ime  interval  At; 


A/— «  l/ 

K  1.  «  * 


(8.50) 


The  tine  of  the  drops*  novement  through  the  coiid)ustion  chamber  has  the  follow¬ 


ing  magnitude: 


•*  * 


(8.51) 


Here  t  is  the  length  of  the  combustion  chamber; 
n  is  the  relative  e^ansion  of  the  engine 


In  this  way 


Sm  • 


!!a“=  ,  /’JUJU 


3e,  1,  X 


(8.52) 


(8.53) 


w 

The  naxina’ii  possible  relative  displacement  of  the  drops,  if  and  n  are 
given,  depends  onl;f  on  their  diameters  and  on  the  radius  of  rotation. 

The  last  formula  is  for  a  tentative  calculation  of  the  centrifugal  displacenent 
of  the  drops  in  the  cosbustion  chanjbers  of  helicopter  engines. 


The  centrifugal  forces  which  act  upon  the  cold  air  and  upon  the  combustion  prod¬ 
ucts  are  not  similar,  since  their  densities  are  different.  According  to  the  general 
1».  of  relativity,  the  movement  of  hot  and  cold  gases  in  the  field  of  centrifugal 
forces,  may  be  likened  to  motion  in  the  field  of  gravity.  The  hot  gases  "float  up" 
ir.  the  direction  opposite  to  that  of  the  actuating  forces,  v/hile  the  suspended  drops 
and  the  cold  gasos  "sink",  i.e,  move  airagr  from  the  center  of  rotation  (see  Figure  166). 
The  denser  air  masses  and  the  suspended  drops  move  a/ay  from  the  axis  of  rotation, 
tBhile  the  coiii>v.stlon  products  with  a  lesser  density  approach  this  axis. 

The  fbree  which  ooc^els  one  volume  element  of  hot  gas  dV  —  which  has  a  density 
Yf  and  is  surrounded  by  cold  air  with  density  —  to  move  to\/ard8  the  axis  of  rota¬ 
tion,  Just  like  the  lifting  force  of  gas  (in  the  field  of  gravity),  is  ccmal  to: 
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Acceleration  j,  rath  vrhich  the  cxanined  gas  mass  dn  *  approach  the 

axis  of  rotation,  is  equal  to  '  (S*55) 


i-t-n- 


If  the  initial  velocity  of  the  gases  in  a  combustion  chamber  vr^  *•  —  ond  the 
T  n 

teiqperature  ratio  0  »  —  ,  then  the  velocity  towards  the  combustion  end  -.Till  be  equal 

*3C  9  m  T 

“T*  *  U 

The  average  velocity  of  the  movement  of  gases  through  the  combustion  chamber  is 


to 


<  _  ©j  *4* 


Wcp=- 


The  st^-y  of  gases  in  the  combustion  zone  At  is  iqpproxinately  equal  to 

'  A# _ _ .  ' 

«  >V+r.' 

where  Ig  is  the  length  of  the  conbustion  zone* 

The  daisily  variation  of  the  hot  gases  is 


(8.56) 


\  — JjL.  _ It— 

IW*  •*  TfM  'I 

On  the  basis  of  (8.55)  and  (8.56)  the  displacement  of  the  hot  gases  torrards  the 
axis  of  rotation  during  combustion  is  ^proximately  equal  to 

a*  fr-r* 


r,  •>(r,+rj» 


The  relative  displacement  of  the  gases  is 

'  Ar  TntTntr  fr-f,  ^  «  4  Mr  (8,57) 

'  I,  R  <r,  +  n)>  D  T\,  • 

Here  D  is  the  rotor  diameter 

T  fr  •I'  Tx 
^«f-  2  • 

The  last  formula  is  suitable  for  the  approximate  calculation  of  the  displace¬ 
ment  of  the  hot  Jet  in  the  combustion  chamber  of  a  helicopter  engine.  * 

To  decrease  the  relative  displacement  of  the  burning  stream  one  must  equalize 
the  ten^rature  gradient  so  the  temperature  difference  AT  between  the  combustion 
products  and  the  gas  surrounding  them  would  be  the  least,  hhen  AT«0,  Ay"0. 

After  equating  Ax  to  the  radius  of  the  combustion  chamber  rj^Am*  Is 
possible  to  find  the  length  Ipj.^  at  idiich  the  combustion  products  would  be  displaced 
^’•om  the  center  of  the  combustion  chamber  to  the  side.  If  Ax  ■  ry^wn  then  from 
(8 .57)  we  obtain 
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It  is  necessary  to  consider  the  dlsplaconent  of  the  hot  ccsnbustion  products 


during  the  design  of  helicopter  engine  cixnbustion  chambers. 

Example.  Find  the  relative  length  of  the  combustion  zone  vhich  is  sufficient 
for  the  hot  streams  to  be  displaced  from  the  center  out  to  the  side  of  a  helicopter 
combustion  chamber^  if  ry^w  •  100  mm^  D  •  10  m,  n  •  5;  ■  300®  K,  and  Tg  »  2,300®  K 

Tr  +  n 


Ar«.r,-r,»23co~3oo-2ooo»;  r,p: 


1300* K; 


,/ -j? _ ?^l/ - *2— .8.4 

fwm  * .  r  ft  V  ai-aOO-2000  ^ 


SECnON  11.  CHiRiCTERISTICS  OF  COMBUSTION  CHAMBERS 

The  characteristics  which  describe  the  dependence  of  the  heat  release  coeffi¬ 
cient  or  oonbustion  efficiency  ^  find  the  drag  coefficient  of  the  coisbustion  chamber 
^  upon  the  air  surplus  for  a  given  stagnation  pressure  of  the  freed  stream  flow 
and  for  a  given  nozzle  area  ratio,  have  the  highest  importance. 

Sttdi  a  combustion  chamber,  in  which  through  the  entire  operating  range  of  mix¬ 
ture  compositions  the  combustion  efficiency  ^gg  is  close  to  one^  ^  l^and  drag 
coefficient  is  close  to  zero  ^  ■  0,  is  ideal. 

'^&hpractice  an'  ided  oonbustion  chamber  could  not  be  built* 

With  an  increase  of  the  fuel  feed  to  1  the  combustion  efficiency  decreases 
due  to  insufficient  oxygen.  The  pressure  factor  of  the  combustion  chamber  vhich 
is  dependent  on  the  velocity  of  the  flow,  increases  with  a  decrease  of  the  surplus 
air  c(  because  of  velocity  losses  in  the  beginning  of  the  combustion  chamber  V2  and 
the  decrease  of  the  relative  velocity  X,2* 

bi  increase  of  the  inlet  area  ratio  ,  which  determines  the  gas  flow 

through  the  chamber,  is  accompanied  by  an  increase  of  velocity  in  the  beginning  of 
the  chamber  ir2  and  an  increase  of  the  relative  velocity  Xg*  local  pressure 
losses  increase  therein  and  the  combustion  efficiency  fsg  diminishes. 
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Viith  an  increase  in  flight  altitude  II  the  rressm'c  in 


corjbi:svion  charier  dc- 


crciases  and  nay  become  Iwrcr  than  7^0  nn  of  merctu^'*  Itaring  an  excessive  pressure 
drop  the  conditions  for  carburation  and  corfjustion  deteriorate  and  the  coabustion  ef¬ 


ficiency  decreases*  Especially  noticeable  is  ttie  drop  of  ^sg  altitude  in  sub¬ 
sonic  condbustion  chambers  in  liich  the  stagnation  pressure  exceed  the  atmospheric 
pressure  by  no  more  than  1*8  times*  Supersonic  conbustion  charbers,  in  which  the 
stagnation  pressure  is  tens  of  tines  greater  than  that  of  the  atmosphere,  maintain 
good  conbustion  efficiency  to  significantly  greater  altitudes  than  do  subsonic 
charibpi 

With  increasing  flight  velocity  the  stagnation  pressure  and  te:.verature  of  the 
free  stream  flow  are  increased.  With  an  increase  of  flight  velocity  the  velocity 
in  the  beginning  of  the  combustion  chamber  V2  increases  until  the  relative  critical 
section  of  the  esdiaust  nozzle  remains  constant.  Vlhen  >3  the  compressibility 
of  sir  becomes  so  significant,  that  the  necessity  to  decrease  the  critical  section 
of  the  engine  appears,  as  vas  shown  in  Chapter  III  for  ideal  ramjet  engines  (see 
Figure  $k)»  After  passing  the  through  sections  of  the  engine  must  be  reduced, 

the  velocity  in  the  beginning  of  the  combustion  chamber  diminishes,  but  the  stagna¬ 
tion  pressure  and  temperature  continue  to  grow.  The  greater  the  velocity  of  the  on- 
eoning  flow  the  better  the  combustion  conditions  in  supersonic  engines;  the 
greater  the  altitude,  the  more  complete  the  combustion,  and  the  lesser  the  drag  of 
the  chamber.  It  is  more  simple  to  organize  combustion  in  supersonic  combustion  cham¬ 
bers  than  in  subsonic  ones. 

The  temperature  of  the  boundary  layer  of  a  body,  which  la  swept  over  by  a  super¬ 
sonic  flow,  is  10-l5/(  less  than  the  stagnation  ten;>erature .  At  supersonic  velocities 
the  temperature  of  the  outside  zriUs  of  the  coiiprejsion  and  carburation:  sections  t>f  an 
•nglne  la  hundreds  of  degrees  above  zero,  while  during  a  flight  in  the  stratosphere 
at  subsonic  velocities,  it  falls  to  several  tens  of  degrees  below  zero* 

The  walls  of  the  combustion  chamber  in  the  combustion  zone  are  swept  over  from  the 
outside  by  the  ajr  flow,  the  temoerature  of  which  is  close  to  the  stagnation  tempera- 
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t/Ure  and  from  the  inside,  by  the  hot  gases,  vhose  temperature  is  close  to  Tgg. 
The  cooling  of  the  combustion  chamber  by  the  surrounding  air  is  possible,  if 
700®  K,  i.e.,  when  3»5«  During  higher  flow  velocities  it  is  impossible 
bo  permit  direct  contact  between  the  combustion  products  and  the  walls  of  the  combus- 
'vion  chamber:  it  is  necessary  to  arrange  this  by  Vlflwujg  aSjt  iaLosg  ttuauwafllsiftron 
she  inside* 

If  the  unburncd  gases  contact  the  vails  of  the  chamber  the  temperature  of  the 

^ases  falls  below  the  ignition  temperature  and  combustion  ceases  —  the  pre- 

ence  of  the  cold  vails  lowers  the  combustion  efficiency.  Therefore,  for  a  high-effi- 

X^seai  combustion  chamber  the  Intensive  cooling  of  the  walls  is  undesirable*  The 
•  * 

aost  Advantageous  temperature  for  the  inner  walls  is  ^  8CX)®K* 

y\ . ..  • 

.BCTIOM  12.  PULSATIONS  IN  COMBUSTION  CHAMBERS 

The  column  of  air,  which  is  ,aioIO!x:d  in  a  combustion  chamber  at  each  moment, 
ay  oscillate  with  its  natwal  frequ^cy.  The  portions  of  the  oscill^tih^air  ' 

olumn  move  parallel  to  the  axis  of  the  combustion  chamber  (Figure  167a).  The  roove- 
ent  of  the  individual  masses  of  the  oscillating  gas  column  is  similar  to  the  move- 
lent  of  connected  pendulums,  the  fec5^a!ijri.Ofthline  of  which  moves  along  the'axl^  the 
hamber  with  a  velocity  of  w,  equal  to  the  average  flow  velocity  (Figure  l67b) • 

The  velocity  at  which  the  pressure  impulses  pass' fspsiri^  ime^of  ,;eir  !  %o 
x>  another,  is  equal  to  the  local  speed  of  sound  c  ■VgkRT .  During  the  combustion  of 
he  flow,  the  temperature  of  the  gases  T,and  together  with  it,  the  average  velocity  of 
.he  iaqpulse  propagation  varies.  The  average  speed  of  sound  in  the  combustion  pro- 
ucts  is  always  higher  than  the  average  speed  of  the  gases'  movement  through  the 
onbustlon  chamber j  therefore  the  masses  of  gas,  which  flow  through  the  combustion 
'hamber,  moving  from  the  inlet  section  to  the  outlet,  successfully  accomplish  several 
'omplete  oscillations.  If  the  frequency  of  the  impulses  which  cause  the  oscillations 
•oincides  with  the  natural  oscillation  frequency  of  a  gas  column  in  a  coratmstioh  ■ 
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tiiBEv’apqaiLitude  t>f  the  oeeillatiora  jiuiy'  becooe  very  lar'g^k 
The  gases^  whidi  flow  through  the  chamber)  perfonia  coiplex  movement:  they 
move  along  tb»  eoBA}ii8tion  chamber  at  variable  velocity  and  oscillate*  The  oscilla* 
tion  propagation  velocity  in  the  diamber  is  not  ccmstant;  therefore,  the  oscillatory 
phcfwona  irtiidi  accompany  coabostion  are  very  complex*  It  is  possible  to  draw  the 


Standing  waves  appear  in  the  flow  which  passes  through  a  combustion  chamber* 

The  average  velocity  of  the  flow  and  the  average  pressure  of  the  gases  in  a  standing 
wave  vary*  The  greatest  variations  of  the  average  velocity  tvi^oeity"i  ' 

'jB^ipojiiiti^take  place  at  the  chamber  inlet  and  at  the  outlet  after  it*  The  variation 


Fig*  168*  An  oscillogram  of  the  pressures  in  a  combustion  chamber* 

a  —  quiet  combustion,  b  —  rough  combustion,  c  pxalsating  combustion* 

of  the  flow  velocity  in  the  center  of  the  chamber  is  insignificant:  a  velocity 

nsde  if  formed  in  the  center  of  the  combustion  chamber  (Figure  l67e)*  The  pressure 

variations  at  the  combustion  chamber  inlet  and  outlet  are  insignificant:  pressure 

nodes  iqppear  on  the  edges  of  the  chamber.  The  greatest  average  pressure  v.riations  — 

the  pressure  antinodes  •—  tal;e  place  in  the  center  of  the  charber. 

One  half  of  a  standing  wave  fits  the  air  coluijn,  the  length  of  which  is  equal 
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It  is  possihls  to  find  ths  natural  acoustical  frequent  of  ^  oscillations  of 

an  air  eoluwi  f  fron  the  knosn  ratio 


/■»— j- 


,  .  ■’  t  _ 

idiere  Cg|>  is  the  average  velocity  of  sound  for  the  entire  diaid>er< 

Vhea  k  •  1«1»  and  R  •  29*3‘kg  i^cg  degree: 


Ifl-SVBMd  r,-40J* K, /-^Viro- 100  I/sec 
Kith  an  increase  of  the  average  tw^m^ature  of  ^  gases  Tg^,  their  ^ural^freqfie^ 

am:4ihcreaes‘‘0f  chaad)ess»l'lfngtVlt.  decreases  • 


The  oscillations  of  the  air  in  a  conbustion  chanber  at  a  frequency  of  nay 
oe  aeasured  ulth  the  aid  of  an  oscillograph  (Figure  168) .  In  the  absence  of  eoubus- 
tion  the  as9)litudes  of  the  velocities  and  pressures  Av  and  Ap  are  insignificant  in 
ccMgaarisoQ  with  the  average  velocity  and  the  average  pressure  in  the  chamber  pg,^ 
(Figure  I68a). 

The  e<sdni8tion  process  usually  increases  the  amplitude  of  <iihei)iatiidnsTiqf  i 
gises  in  a  coid>U8tion  chamber.  If  the  aiqplitudes  of  pressure  during  combustion  and 
during  the  absence  of  combustion  are  approxlBately  the  same^  the  combustion  is  called 
quiet  (Figure  l68a).  If  the  aaplitudes  of  the  oscillations  increase  several  times 
during  combustion^  but  remain  substantially  less  than  the  average  pressure  in  the 
diambeTy  the  combustion  is  called  "rough*  (Figure  l68b).  Rough  combustion  is  accom¬ 
panied  by  a  loud  noise.  If  the  aiqplitudes  of  the  pressure  become  the 


.PP^Fe  ptessure  in  the*  obiinis  tion  dhaater,  the  eoabustibn  is « called  pulsating 


(Figure  1680)  •  The  pulsations  of  the  pressure  cause  a  heavy  Jolting  and  nay  lead  to 
engine  break-up.  Rou|^  and  pulsating  combustions  are  inadndssable  in  ramjet  engines. 

In  order  to  predict  in  each  concrete  instance^  idiat '  dhsnj^'s  *in~heat^^  <T  >  .V 
mill  be  Mused  by  the  velocity  variations  of  the  floV|  it  is  necessa^  to  hays  1 
an  ishaustive  understanding  about  the  processes  in  the  combustion  tone. 
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Contea^rary  infomaticn  about  turbulent  combustion  is  insufficient  for  this. 

The  tanoMtion  of  turbulent  combustion  is  usually  sudden  in  each  definite  case.  The 
pulsations  are  stopped  by  shortening  the  length  of  the  combustion  chamber,  by  chang¬ 
ing  the  coiq>osition  and  teaperature  of  the  mixture,  and  by  dianging  the  shape  of  the 
flame-holders  and  the  relative  location  of  the  flame-holders  and  the  injectors. 

One  of  the  basic  reasons  for  the  formation  of  rou^  and  pulsating  combustion  is 
earburation  during  the  c(»bustion  of  a  tvo-i^se  homogeneous  mixture.  Actually, 
during  operation  on  very  rich  mixtures,  the  mixture  in  the  flame-holder  area  may  go 
out  of  the  ignition  limits  during  a  chance  increase  of  the  fuel  concentrations  (for 
example,  during  a  pressure  increase  of  the  fuel  feed  or  during  a  decrease  in  the  air 
output).  Combustion  deteriorates  or  ceases.  The  combustion  efficiency  decreases, 
the  flow  velocity  grows,  the  dispersion  and  evaporability  of  the  fuel  improves,  and 
the  dispersion  jet  constricts. 

If  the  increase  of  the  fuel  flow  seems  greater  than  the  increase  of  the  air 
flow,  the  mixture  is  enriched  still  further  and  a  rich  blow-out  occurs:  coiii>u8tion 
ceases.  If  the  effect  of  the  increase  of  the  air  consunqption  will  be  stronger  than 
the  effect  of  the  increase  of  the  fuel  concentrations,  the  mixture  becomes  lean, 
enters  the  Ignition  limits,  and  combustion  is  restored.  The  thermal  resistance  in¬ 
creases,  the  air  flow  decreases,  and  the  mixture  again  leaves  the  ignition  limits; 
combustion  deteriorates  etc.  Rough  combustion  appears,  which,  if  it  envelopes  the 
entire  flame- holder,  is  transformed  into  pulsating  combustion. 

If  during  operation  on  very  lean  mixtures,  a  deterioration  of  the  combustion 
or  a  lean  blow-out  occmrs,  then  the  flow  velocity  increases,  the  dispersion  (idiich 
was  poor  on  lean  mixtures)  is  improved,  the  evaporability  increases,  and  the  Jet 
constricts.  If  the  effect  of  the  increase  of  the  fuel  concentrations  will  be  strong¬ 
er  than  the  effect  of  the  increase  of  the  air  flow,  the  mixture  enters  the  ignition 
limits  and  combustion  is  renewed.  The  velocity  decreases,  the  dispersion  deteriorates, 
the  fuel  content  is  lowered,  and  combustion  again  ceases,  etc.  Rough  combustion  be¬ 
gins,  which  may  be  transformed  into  pulsating  combustion. 
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CHAPTER  IX 


SUBSONIC  RA>1JET  ENGINES 


Subi^nlc  ramjet  engines  are  intended  for  flights  with  velocities  that  are  less 


lan  of  sound:  <  C|  Hq  <  1;  Ajj  <  lo 

The  stagnation  presstire  of  the  oncoming  flov  exceeds  the  pressure  of  the  atnos* 
here  not  more  than  1*89  times  during  subsonic  flight  velocities: 

Therefore,  the  thental  efficiency  of  a  subsonic  engine  is  not  great: 

*-i 


The  total  efficiency  of  a  subsonic  ramjet  engine  does  not  exceed  ?%• 

The  specific  thrust  of  a  subsonic  ramjet  engine  is  low  even  during  the  most 

litable  operating  conditions: 

!  _  10300.0.07  427  ^ 

'  - aSo” 

•  •  • 


With  a  decrease  of  flight  velocity  the  efficiency  and  specific  thrust  of  a 
ibsoidc  ramjet  engine  quickly  diminish.  Therefore,  at  those  velociilos,  which 
''e  less  than  half  the  speed  of  sound,  ramjet  engines  are  not  used* 

The  jet  thrust  of  a  subsonic  ramjet  engine  changes  approximately  in  proportion 
0  the  square  of  the  flight  speed;  when  ■>  0,  the  static  thrust  equals  zero:  a 
imjet  engine  is  incapable  of  self-starting.  Rocket  and  turbo-jet  boosters  are  used 
or  starting  aircraft  equipped  with  ramjet  engines. 


SCnON  1.  THE  PRINCIPLE  DIAiSlAM  OF  A  SUBSONIC  RAMJET  ENGINE 

A  subsonic  ramjet  engine  consists  of  a  divergent  subsonic  diffuser,  a  conbus- 
Lon  chamber,  and  a  convergent  exhaust  nozzle  (Figure  169).  The  stagnation  pressure 
r  the  oncoming  flow  is  less  tiian  critical.  A  portion  of  the  disposable  velocity  goes 
o  overcome  local  resistances  and  to  boost  the  preheated  gases*  Therefore,  the  stag- 
aftlott  poressure  ahead  of  the  exit  from  a  subscmic  ramjet  engine  pq^,  is  less  than  the 
tagnation  pressure  of  the  oncoming  flow  p^,  and  always  substantially  less  than 
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critical;  the  velocit>»  of  the  exhaust  gases  is  less  than  the  speed  of  sound: 
%  •  K  M„<x. 


'  TTirnizzc' 

- *4J _ iS. 


a  a  diagram  of  the  velocities,  teiq>erature8,  and  pressure  along  the 
engine  duct, 

b  diagram  of  the  pressures  on  the  vails,  c  direction  of  the  actxiat- 
ing  forces,  d  —  p<-v  and  1>6  diagrams  of  the  operating  cycln  of  an  engine. 
Legend:  A)  cycle  of  an  ideil  engine;  B)  cycle  of  an  engine  with  losses  calculated. 

The  velocity  at  the  inlet  section  is  not  equal  to  the  flight  velocity: 

Si* 

Vjj,  With  a  small  relative  exhaust  section  ^  or  for  a  large  relative  pre- 

TaI  ^ 

heating  of  the  gases  6  ■  the  air  flow  0  through  the  engine  is  lov  and  the 

*0n 

velocity  at  the  inlet  is  less  than  the  velocity  of  the  oncoming  flow:  wj^<  Wuj 
the  diffuser  operates  with  external  ramming,  i^th  an  increase  of  the  exhaust  section 
of  the  engine  or  with  a  decrease  of  the  relative  preheating  ®  ,  the  air  flow  G 
through  the  engine  increases,  the  velocity  at  the  diffuser  inlet  increaoes  and  may 
become  greater  than  the  velocity  of  the  oncoming  flow  Wjj,  but  may  not  exceed  the 
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speed  of  sound  1. 

The  ilov  through  the  diffuser  is  sceon^nied  by  losses  ^diich  hsTS  their  great¬ 
est  Tslue  tK_  greater  the  velocity  is  at  the  inlet  to  the  engine  w^.  The  stagnation 
pressure  of  the  oncoedng  flow  at  the  diffuser  exhaust  is  less  than  the  stagnation 


pressure  of  the  oncoming  flow: 


<  «• 

* 


Turbulence  ringSj  fuel  injectors^  ignition  ludts,  aixi  flane-holders  are  install¬ 
ed  at  the  inlet  to  the  combustion  chamber.  The  static  air  pressure  grows  during  the 
flow  throu^  the  diffuser:  P2>  Pjj>  but  during  the  flow  around  the  local  humor  re¬ 
sistances  somewhat  decreases.  During  preheating  in  the  coisbustion  changer,  the  flotr 
velocity  of  the  gases  increases  and  the  stagnation  pressure  and  static  pressure  de¬ 


crease. 


The  pressure  of  the  gases  in  the  esdiaust  nossle  lowers  to  approximately  that 
of  the  back  pressure:  pj^4«  the  flow  velocity  increases^  remaining  less  then  the 
local  speed  of  sound:  . 

Vith  e  sufficiently  largo  preheating  • ,  the  flow  velocity  boeones  greater 
then  the  velocity  of  tiio  onccmdng  flow: 

Bteeusc  of  the  increased  amount  of  the  air's  movement,  Jet  thrust  R  sizars: 

~  a— 

m  •  m 

The  flow  rate  of  the  gases  through  a  subsonic  ramjet  engine  is  determined  by 

POh 

the  relative  stagnation  pressure  after  exhaust  the  texperature  of  the  gases 

TqI^,  end  the  orose-section  of  the  exhaust  noisla  Sj^:  _ 


The  velocity  of  the  flow,  «Mch  flows  around  the  forward  edge  of  the  diffuser 
shell  increases  end  its  pressure  decreases  (see  Figure  169b).  A  vacuum  may  aipesr 


oo  the  profiled  outline  of  the  shell  close  to  the  inlet  opening.  The  pressure  inside 
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the  diffuser  increases  and  becomes  greater  than  that  of  the  atmosphere.  The  force  of 
the  excess  pressure^  irhich  acts  on  the  inner  surface  of  the  diffuser,  is  oriented  in 
the  direction  of  notion.  The  surplus  pressure  forces,  which  act  on  the  side  walls 
from  within,  nutually  equalise  themselves.  The  surplus  pressure  forces,  which  act  on 
the  inner  walls  of  the  nozzle,  jure  oriented  in  the  direction  opposite  to  that  of  the 

I  flight  (Figure  169c). 

j  The  jet  thrust  of  a  rainjet  engine,  which  is  equal  to  the  difference  between  the 

i 

^  forces  of  the  suiplus  pressure,  aj^lied  to  the  inner  walls  of  the  diffuser  and  nozzle 
and  the  additive  drag  of  the  diffuser  is  applied  to  the  diffuser.  This  cir¬ 

cumstance  should  be  studied  in  designing. 


SECTION  2.  THE  (US  DYNAMICS  OF  A  SUBSONIC  RAMJ2T  ENGINE 

It  is  necessary  to  have  the  following  data  for  the  gas  dynamic  calculation  of  a 
subsonic  ramjet  engine:  inlet,  midship,  and  esdiaust  cross  sections  of  the  engine 
Sif  S|,,  and  the  parameters  of  the  oncoming  flow  (or  p^  and  T^j  the  drag 
coeffident  of  the  combustion  chamber  the  pressure  recovery* in  the  diffuser 
and  the  pressure  ratio  of  the  nozzle  CT^. 

Li  the  gas  dynamic  calculations  a  serlee  cf  the  possible  values  of  the  teoper- 
atore  ratio  0  are  set  vpt 


(9.1) 


The  stagnation  enthalpy  of  the  engine  is  constant  on  all  portions  up  to  the 
heat  supply: 


.  4i**^«i**^*=4r 


(9.2) 


The  specific  heat  of  the  air  is  practically  constant,  consequently,  the  stagna- 

vion  tenperature  before  combustion  is  con8tant|_ 

'T^^T  e»r  wkxT  •  (9.3) 

East  losses  through  the  engine  walls  arc  usually  comparatively  lowj  | 

therefore,  it  is  possible  to  assume  that  the  enthalpy  of  the  combustion  products  also 
remains  constant: 


If  the  change  of  heat  capacity  is  disregarded  during  the  dSfi’U^^hcn 

The  sta^ation  temperature  after  ^i±mst±on  nay  be  considered  as  constant  only 
insofar  as  eochaast  gases  lajy  be  disregarded.  In  realaty,  the  themo(t/nantl.c  tei!|>era- 
tiare^  and  consequently,  the  heat  capacity,  decrease. 

•  t 

The  stagnation  parameters  of  the  oncoming  flow  Tq^,  Pq^,  and  are  determined 
from  graphs  of  the  gas  dynamic  functions  or  by  the  known  formulae: 

ft,  •  a+i 

i 


■  wi-=[i  *:]*"■ 


The  stagnation  prejsure  at  the  diffuser  outlet  is 


-  i  ^ 

The  stagnation  pressure  before  ccfinbustion 

.^SSa^Jrab^ity  Xg  the  local  drag  fictor  X  (••♦•.7.17) 

1  *  \  ^ 

^  **®i 


{9.5) 

(9:6) 

(9.7) 

(9.8) 


The  relatiw  reloeity  behind  the  flam-holder  A.9'  is: 


(7.7) 


The  lc*isring  of  the  stagnation  pressure  during  combustion  is  determined  by  the 
equatl<Ki  (8.1t!i)  ^ _ _ 


Here 


s(^f(X^  * 

(9.10) 

'"*^  +  1  i 

•  -fl  k,R' 

(9.U) 

1 

The  relatire  Telocity  after  eombuation  A3  is  also  as  yet  tmknown. 

The  relatlTe  stagnation  pressure  after  exit  is 

.  (7«12) 


F-TS-77liOA 


m 


The  relative  velocity  at  tha  nozzle  eriiaust  'A  .  is: 

N  t* 


Y  J- 


(9.1li) 


The  gas  dynamic  coefficient  of  a  ramjet  engine  is 


(9.15) 


The  flow  rate  of  the  gases  through  the  exhaust  nozzle  (see  2.U9  and  2,1U)  is 


,  J  -K 

V.  - -  *• 

We  find  the  reJ^tivc  velocity  aiwlael^Qf 'the  eatit  by  the  continuity  equation: 


From  this 


V  (»r+l)^r  /ft  V  (*f+!)^r  /ft 


—  '  r  .1^ 

4  >..<>.>  ».  1-^4 


(9.17) 


If  the  engine  is  totally  open:  ■  S^,  then  ■  A|^.  The  greater  the  de¬ 

gree  of  constriction  of  the  engine  m  ■  fj,  the  lesser  the  ratio  (Figure  170), 
If  Ah  ■  1,  the  equation  (9.17)  gives  (2,53). 

e 

We  f i»  1  the  relative  velocity  before  combustion  by  the  equation  (6.50): 

When  X2^1  and  ^3^!* 

this'  lystsaa  bf  six  equations  (9.9)  j  (9.10)  j  (9.12)  j  (9.1ii)j 
^  (9.17)j  and  (9.l8)  it  is  possible  to  find  all  the  parameters  of  a  subsonic  ramjet 
engine  ^2*  ^3*  ^  ^ob» 


(9.18) 
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H  Z,2 


Fig.  1?0.  The  dependence  of  the  relative  velocity  ahead  of  the  nozzle  upon  the  rela¬ 
tive  velocity  at  the  end  of  the  nozzle. 

Hovever^  this  system  boils  dovn  to  an  equation  with  ^ponestst^t  t 

brale  solution  of  vhich  is  not  possible.  Therefore^  a  gas  dynamic  confutation  of  a 
subscmic  ramjet  et^gine  is  usually  carried  out  tgr  method  of  successive  approximatioi 


SiSCnOM  3.  A  METHOD  OF  SUCCESSIVE  APPROHMATIONS 

The  parameters  of  the  fi'ee  stream  flow  Pj^,  and  the  factors  5 » 
and  <r„  and  the  engine  cross  sections  S^^,  Sj^,  and  S^  must  be  known.  We  will  set  up 
the  te^Mrature  ratio  of  the  gases  in  the  chamber: 

Let  An  "  pQ  -  II4O  mm  of  mercury,  and  «  216.$®  K,  0*^  -  0.95}  t  •  3, 

-  0.97}  -  0.3  m2,  Sj^  -  1  a^,  Sl^  •  0.7  m^j  D  -  7. 

¥a  will  calculate  the  stagnation  parsMters  of  the  free  stream  flow 
*  — L^*_L-p.  1,159. 


T«  tO) 


qyas  9JU6 


7-  k - hy=I.IS9M=l,6S5. 

M«P 


I  SO)  lt(k)J 

Th'  stagnation  enthalpy  of  the  oncoming  flow  is 


1,447. 


'  =60  kcalAig. 

0,66$ 
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The  stagnation  teir.perature  after  combustion  is 

7V-=  -  216,5  •  1,159=  1760*  K. 

WKiift.tt^this  temperature  according  to  Figure  86b,  ^  1.0b. 

t  —t  f  *  *1  +  *  _t  /"  1.4  2,32  29,5 

IT ?+Tir~K  a.» 

Noting  that  the  relative  velocity  at  the  exhaust  differs  slightly  from  the  re¬ 
lative  velocity  of  the  oncoming  flow:  *=  K  An  after  using  the  graph, 

idiich  is  depicted  on  Figure  170,  or  the  equation  (9»17)>  we  find  the  first  approxi¬ 
mation  of  the  reduced  velocity  ahead  of  the  exit  X3S 

The  gas  dynamic  fiinction  is 

The  relative  velocity  before  combustion,  in  accordance  with  (9.18),  is 

!=3.4S5-V3.455»-1=0,148. 

The  pressure  coefficient  during  the  flow  around  the  internal  units  of  the  com¬ 
bustion  chamber  and  the  relative  velocity  before  the  flame-holder  are  found  by  solution 
the  gi'aphic  equation 


=9(X»). 


From  this 


*€*=0,145;  a«,<r=0,962. 

The  pressure  preservation  factor  during  combustion  (see  S.bU)  is 

^  €  —«!/€  jgOjl  -  1.0171.04K7.0.l48.0.a9!  .... 

.  "  0,4S.0,W2 

The  total  pressure  recovery  factor  in  the  engine  is 

:  «**«=*®,9b^^,*=«0.95'0,962-0,95*0, 97=0,84. 

The  relative  stagnation  pressure  liheadt>f  the  nozsle  is/  ' ' 


jE^, 


=0.84I.CS5=1,405. 


A 

X¥easure  ] 

*.405- 13,6=2670 
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uf  vA  i/ue  exiiaustf  gases  v.sue  d^Cd)  18  . 


The  gas  dynasic  function  is 

•  W*=(i o,7e>)'®=o.7so. 

After  determining  the  relative  velocity  of  't^ie  eaphaust  gases  in  the 
first  approximation,  we  will  find  a  more  exact  value  of  the  relative  velocity 
ahead  of  the  nozzle  by  the  aquation  (9*1?)  or  by  the  graph  in  Figure  170:  A.3  *  0.1:6. 

We  will  repeat  the  calculations,  using  the  value  of  X3  that  is  found. 

By  a  certain  practice  in  the  selection  of  the  initial  values  of  the  relative 
velocity  ahead  of  the  nozzle X3,  one  succeeds  in  obtaining  a  satisfactory  coincidence 
alread^y  in  the  second  approximation. 

The  gas  dynamic  factoi*  of  a  ramjet  engine  is 


The  flow  rate  through  the  engine  is  determined  by  the  formula  (9 *16) 

a  — 1/ ?eElIj^-x..(ii,)= 

/ 

kg/sec. 

y ,  *«•»,»  /I5a 

Knowing  the  relative  velocity  at  the  exit  and  the  flow  rate  of  the  gases 
^gas«  it  is  possible  to  find  the  fuel  flow  and  thrust  parameters  of  the  engine. 


SBCnOM  U.  THE  CAIXUIATION  OF  THE  THRUST  PARAMETERS  CF  AN  ACTUAL  RAMJET  ENGINE 

After  the  relative  velocity  at  the  exit  gases 

}gim have  been  detendned,  it  is  possible  to  find  the  fuel  flow  Gg  that  is  necessary 
to  obtain  a  given  tenperature  I'Atio  0,  the  conposition  of  the  mixture,  and  the  thrust 
^aramters  of  the  engine  f{,  cj^,  I,  and  Jl, 

The  testing  value  of  the  fuel  that  is  used  in  the  engine  is  denoted  by  Hu. 


F-.TS-97I4OA 


325 


According  to  the  low  of  the  conservation  of  energy 


1  + 


(9.19; 


vhere  (pgg  is  the  combustion  efficiency  determined  by  the  combustion  chamber  arra’ ; 


Kent, 


The  enthalpy  of  the  combustion  products  when  Tq,  ■  “  1760°  K  is  found  by 

fiiagram  without  allowance  for.  dissociation  (see  Figure  B?)  while  setting  up 
the  possible  value  of  the  surplus  air  ■»=*  2, 


From  (9 .I?)  we  find 


Ur  —  f  i^ort  ^  )  • 
iQg*  ii90  kcal/kg 


_ 1_ 

('Or-/ox)^  f  * 


When  <fgg  »  0.95,  H^*10^00  kcalAsJ  ^  “  1^*9  and  iQj^^  «  52j  cC  ‘  1.78. 


The  coefficient  is 


The  fuel  flow  is 


The  air  flow  Gv  is 


P-I  + 


o,=T 


1.037. 


When 


ixxx  xxww  wv  _  ,  0^  \  Oru  _  Om 

/  G„J~  J_-p 

■ 

The  velocity  of  the  iA»e  stream  flow  is 

..=x.  i7^^=».  18>.  j/J 

X«=09  and  7;=216/»‘’K;  rp,=  -^=?l^=.25r  K, 

t(*iJ  i),B6b 

* 

•*«  18.31/251=  290  Vs6C}  w,=i./i=0,9-290=26!  nv'sec. 
The  relative  velocity  increase  d'oring  discharge  is 

•  -W  kV  k  *,  +  1  /?  \  ' 

'  =0,87  /7 = 2  29 

Jet  thrust  R  is  determined  by  the  equation  (?.9l) 


(9.?t) 


(9.21) 


(9.22) 


(9.23) 


(9.2U) 
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i  i 


The  static  pressure  at  the  exhaust  edge  of  a  subsonic  engine  nay  only  be  found 

/ 

experinentally.  It  usually  exceeds  the  pressure  of  the  surrounding  nedi^um  insignifi'^ 
cantly  o  assuaed  %it' 


Pi*“Pr 


Then 


|=J55!?-  /r  •!L_i)=_^£^(pxAr>^--l). 

^  \  fPn  / 


(9.25) 


For  <rar  exaisple 


or  else 


.«=Y^^(!.037.2^9-1)»600  kg. 


.¥ 

t  Or«»*>4  / 1  _  *■ 


n»^4  (t 

"  g  V 


(9.26) 

Ve  vill  use  the  foneula  (9.16)  for  the  flow  rate  of  the  gases,  an  ex*, 
press  the  velocity  Wq  by  the  relative  and  critical  velocities: 

,  *'  '  _  f 

"•  K  tr+1  ’ 


*+I 


After  sinple  conversions,  ve  obtain  a  fomula  in  vhich  Jet  thrust  is  ex-  / 
pressed  only  by  the  initial  values <  _ 


I-— 

^  A  a  ^ 


Ar>Pl  ,  tr-\  ^  [  Mf/tJ* 
IV  +  I 


The  frontal,  or  naximun,  thrust  R|£  is: 


Here 


*  »r  h  11 

■***SM***r+l  ?»#c  /Tj!. 


(9.27) 


(9.28) 


Su 

When  the  difference  decreases  1  -  V  the  thrust  dininishes •  The  reli^ 

ptXVT^ 

live  temperature  ratio,  at  idiich  thrust  reverts  to  zero,  is 
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At  low  temperature  ratios  *♦  1,  and  K  •  0*8.  In  this  case 


1.57. 

After  eaqjressing  the  dynamic  head  as  a  function  of  relative  velocity  and 
the  atmosphexdc  pressure  Pn»  ve  will  find  the  thrust  coefficient  of  a  subsonic  ram¬ 


jet  engine  C|^  by  (see  2»70): 


_JfX  ^  it  pA  . 

*+1  t(x^* 


(9.30) 


_  >1.^  at,  10  xjK)  [. _ L  3. 

*  f  *f+i  *  •  I 

*  m  K,  ■■(/(‘Jl  «»<(/•] 


{9.») 


ducts. 


fiere  R  and  are  the  gas  constants  of  the  fresh  air  and  the  combustion  pro- 
For  an  ideal  ramjet  engine  x  ■  Ij  K  •  1;  and  R  »  Rg,  consequently, 

ra«='“(l"-77T)* 

We  obtained  this  last  formula  in  Chapter  III  by  another  method. 

During  an  unlimited  ten^erature  ratio  $  OO  ,  the  thrust  coefficient  asympto¬ 


tically  approaches  the  limiting  value 

When  B  .  1,  K  .  0.9,  -  R,  «id  x  -  0.9  -  <  1.3. 

The  econoay  of  the  engine  is  characterized  by  the  specific  thrust  I: 

/„  jyi±!£L 

0  <3b  Offcj 

After  utilizing  the  thrust  formula  (9.25),  we  obtain 

n - - iV 


(9.32) 


(9.33) 


(9.3U) 


During  a  leaning  out  of  the  mixture,  i.e.,  during  an  increase  of  the  excess 
air  oc,  the  first  factor  in  the  specific  thrust  equation  grows,  and  the  second  factor 
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diaixslflMs.  Th«  ttarpliit  of  airy  at  likich  the  apadflc  thrust  reaches  its  naxiaum 
Talua^  is  called  the  state  oT  aaxlaua  eccmcay  (see  Section  5)* 

The  specific  thrust  of  the  fuel  C„  i.e.,  the  fuel  CMisuii^ion  per  hotn*  per 


Idlograa  of  thrust^  isi 


(9.^) 


atmji 


The  specific  fuel  eonsu^>tiQlt  beeones  least  during  a  condition  of  BaxiBUB  eco- 


With  dimlnlsMr^  temperature  ratio,  i*e.,  by  increasing  the  gas  (^amic 


factor  of  a  ramjet  engine  decreases  due  to  the  increased  losses  in  the  diffuser  and 
in  the  floe  around  local  resistances  (£laiae~holder)*  It  is  not  advisable,  therefore, 
to  loan  out  the  mixture  to  >  lu 

Tha  total  affidency  of  an  actual  ramjet  engine  is  measured  by  the  ratio  of 
tha  thrust  pomer,  uhich  is  developed  hy  the  engine,  to  the  energy,  introduced  into 
tha  angine  per  see<md  together  uith  the  fuel: 


—’if 

HJh  «#04(/i|r~7«d  (It 

After  noting  that 


(9.36) 


«e  obtain 


^'9tr  paJ(  1 

M»-l)  • 


Conaaquently, 


\  S-l 


(9.37) 


(9.38) 


Ihe  first  fraction  represents  the  thermal  efficiency  of  an  ideal  ramjet  engine 
(mcond  fraction  nay  ^  called  th©  active  tlirust  efficiency: 


F-?S‘-97liOA 


(9.39) 


t. 


For  on  ideal  ramjet  engine:  ^  *  1,  x  ■  1,  and  K  •  1.  Mien  ^  ■  1,  we  obtain 


— ■= 


•-I 


2 

7T+T 


+  i 


(9ei*0) 

The  thrust  efficiency  of  an  actual  ramjet  engine  goes  to  aero  Mien  K'lTd  •  1, 
l*9*f  when 

For  an  ideal  ramjet  engine  ®pj.ed  " 

The  specific  thrust  of  a  ramjet  engine  is  connected  with  the  overall  efficiency: 


AltOu 


Hm 

__  HmH  ^ 


(9.1:2) 


A  P(«~s) 


(9.1:3) 

The  specific  thrust  is  directly  proportional  to  the  heating  value  of  the 
fuel  and  depends  on  the  relative  fli^t  velocity  the  gas  dynamic  factor  K, 
and  on  the  temperature  ratio  8  •  At  a  certain  optimum  temperature  ratio  the 

specific  thrust  and  the  thrust  efficiency  reach  maximum  (see  Section  5).  The  thermal 
efficiency of  an  ideal  ramjet  engine  does  not  depend  on  the  temperature  ratio. 

Exaagle.  Find  the  efficiency  of  a  subsonic  ramjet  engine  if  ^  ■  0.9;  6  *7; 

X  -  0.97|  K  -  0,87, •  /9  -  1.037}  and  <f^g  •  1. 

The  ideal  thermal  efficiency  is 

1  ..  0.9* 

>  «  - I  “ « 0 . 1 35. 

The  active  thrust  efficiency  is 


1.0870.97  0.87 /y-l 
“  7~I  —  O.w. 


1-1 

The  total  efficiency  is 

».  “%  M%ir.  I  -  0. 135  0,437  «  0.059. 

SECTION  THE  STATE  OF  MAXIMUM  ECONOMI 

To  cosqiute  the  surplus  air  factor  at  which  the  specific  thrust  of  an  engine 
1^  reaches  its  maximum  value,  we  will  express  the  specific  thrust  by  the  surplus  air 

factor  o^^ee  (9.3l:j7» 
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/m  ^4- •tK\  f  1  I  - 11 


or  •!•« 


y— ^[o-«i)'jfi/ » 


0  + 


(l~«t)+l 


I- 


lli  will  iatroduco  the  deelgnetion 


Then 


/«  + 1] 


(9.W*) 

(9.1;5) 

(9.1|6) 

(9,1*7) 


To  determine  the  state  of  maxiinura  economy  we  will  find  the  derivative  from  I 
•’^tb.  resggoct  ^  i  and  equate  3.t  to  ssero: 


IW^ 


M-l]=0. 
+«<  J 


(9.U8) 


From  thia 

or  elae 


«^«+4«/C*=V"a«T^ 

3 


4*+a/- 


«0. 


Aftar  aolving  thia  quadratic  equation,  we  find 


'  J  ic„Tu 


/r=^3^- 


(9.1x9) 


T=^#(* 

W  '  ~  ■ 

The  aorplua  of  air,  which  corresponds  to  the  state  of  maximum  economy,  is 


'  *  —  — 

2u,rr«,l7T^^ 

The  optimuH  .'Uqperature  ratio  is* 


1 


H- 


(9.50) 


Hdhr  I  l._  +V 

a  „i±yjE^  (9.51) 

Vhen  xK  -  Ij  8^^  -  1}  and  -  CX>|  when  K  Oj  ®opt->  c®  • 

Ve  will  note  here  that  the  tesperature  ratio  depends  only  on  the  gas  dynamic 


factor  of  a  ramjet  engine  and  depends  neither  on  the  parameters  of  the  fuel  nor  on 
weloci^,  dr  the  peraiB  oter^of  the  surrounding  atmoephere. 

In  a  state  of  maxlMum  economy  it  may  bq  accepted  that 

?opt  “ 

The  specific  thrust  in  i  state  of  maximum  economy  is  determined  from  the  equa- 
ti^ma  (9,1*1*  and  9,1*9)* 


r»^-97i*oA 


#rr», 


(9.52) 


The  thrust  efficiency  in  e  state  of  naximun  econcar/  is  found  by  substituting 
(5,5l)  in  (9.39)  and  after  naking  siaqsle  ccmrersions: 

(,.53) 

VIhen  ^  »  1  and  <J>3g-  1,  ('Htyag^inax  *  ^  -Vl-x*K^  . 

Thrust  efficiency  as  a  function  of  the  gas  dynamic  factor  of  a  ramjet  engine  K 
is  depicted  in  Table  9.1. 


Table  9.1 

THE  DEPEHDENCE  OF  THE  OPTIMUM  PARAMETERS  OF  A  RAMJET  ENGINE  ON  THE  GAS  DYNAMIC  FACTOR 
K  ■  »hon  3c  "  li  \  •  0.9;  T„  -  216.5®  K;  /S  1;  -  0.135. 


K 

O.K 

0,90 

0,85 

0.80 

0,75 

0,317 

0,434 

0,524 

0,60 

0,663 

0,683 

0,566 

0,476 

0,400 

0,337 

Km 

1.04 

2.53 

3.2 

'.0 

<!,82 

1,32 

1.43 

1,52 

1,60 

1,06 

1+SnA 

m 

107 

75 

55 

41,5 

«wc 

12 

7,15 

4.96 

3,62 

3,36 

Imm 

1530 

1230 

1040 

875 

730 

kg/kg  hr 

2.35 

2,93 

3.46 

4.11 

4.98 

At  any  give».  flight  velocity  or  M^^,  after  determining  the  gas  dynamic  factor 
K,  it  is  possible  to  choose  a  iiejt^jerature  ratio  so  that  the  specific  thrust  and  the 
thrust  and  total  efficiencies  vould  be  the  greatest. 

With  an  increase  of  flight  velocity  the  thermal  and  overall  efficiencies  in¬ 
close  in  direct  proportion  to  the  square  of  the  relative  flight  velocity  Ajj.  Mien 
X  a  «  F^l[»  ^tid" 

With  a  decrease  of  K  the  specific  thrust  of  an  engine  quickly  diminishes.  Dur¬ 
ing  a  decrease  of  K  from  0.9  to  0.6  the  specific  thrust  diminishes  by  UO^. 

i^ative-discliffi^e  velocity  to  a  state  of  maxlM  e^riofly;igt  '  •" 
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(9.$h) 


Thu  rtlutlYe  grcvth  of  velocity  in  e  stete  of  K^exUnin  econoany  depends  only  on 
tfce  Sftf  dynaidc  factor  K.  If  ^ 


I 


I 


It  ii  seen  from  Table  9*1  that  to  increase  the  econoray  of  the  engine  at  high 

gaa  djraaaic  factors^  it  is  advisable  to  strraigly  lean  out  the  ^rturee  It  is  necessary 

to  consider  that'^lkei^^icant'^j^^ifoY^  caiseiB  J^e  Jthsrtitit^st^cO 

eiaat  to  dropi»  If  the  thrust  factor  becootes  less  than  the  external  resistance 

factor  of  the  engine  shell  c^^  *  ramjet  engine  will  not  only  be  \m» 

suitable  to  serve  as  an  aircraft  engine^  but  may  even  not  be  able  to  move  itself* 

Therefore  it  is  practically  ii^ssible  to  operate  during  large  oC^s* 

Su 

The  greater  the  degree  of  constriction  in  the  engine  m  *  the  lesser  the 
relative  velocities  K2  nnd  the  lesser  the  losses  in  the  engine^  the  greater  the 
total  pressure  recovery  and  the  gas  dynamic  factor  K,  but  the  lesser  the  engine 
thrust  factor  C|^  and  the  transverse  thrust 

Su 

In  this  way,  the  gecuaetric  parameter  of  an  engine  m  •  shows  a  substantial 
affoet  on  the  thrust  parameters  and  optimum  air  surplus. 

Foraiga  subsonic  ramjet  engines,  for  example,  the  American  Hill>?r  helicopter 
engine  or  Marquardt's  engine,  which  are  installed  in  target  drones  of  the  Oorgm  IV 
type  (see  Figure  17a),  have  a  low  degree  of  constriction: 


SKnON  6.  CONTROL  CHARACTERISTICS  OF  SUBSONIC  RAMJET  ENQIITES 

The  control  of  cubsonic  ramjet  engines  may  be  accomplished  by  t^arying  the  fuel 
si9pl/.  During  the  enrichment  of  the  mixture  to  >  1,  the  temperature  of  the  combus> 
tlon  products  and  the  tes^perature  ratio  incre'.se.  The  mass  flow  rate  of  the  gases 
ehmngss  in  accordance  with  (9.16)  approximately  in  inverse  proportion  to  'VTQg. 

The  relative  velocity  of  the  exhaust  gases  varies  insignificantly,  since 
the  losses  in  heat  dispersion  increase  and  the  losses  in  the  diffuser  and  local 
leases  decrease I  the  overall  pressure  recovery  r^nains  almost  constant 
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®'ob  •  ^sg  ^5  ^  const . 

The  discharge  velocity  W|^  grove  appro? '^si?*tely  in  direct  proportion  to 

(9.^) 

The  stagnation  irnpulse  of  the  free  stream  flow  decreases  because  of  the  de¬ 
crease  of  the  air  iHow  rate.  Additional  drag  of  the  diffuser  grows. 

The  iapulse  of  the  e^diaust  gases,  as  it  follows  from  (9.^5)  and  (9*56)  does  not 
depend  on  the  temperature  of  the  gases  (or  on  fuel  feed),  since  an  increase  of  the 
exit  velocity  is  compensated  hr/  an  equally  largo  air  flow  rate: 


(^4)«.6==^  =  f^-^?S^^*(>‘4)==*A/>4M5.  (9.97) 


__04t34_2g^r  W.t^4 

i  Af+l  *(M 

Jet  thrust  slowly  increases  with  the  growth  of  heating  because  of  the  decrease 


(9.59) 


of  the  braking  irspulse  of  the  oncoming  flow  (9.27). 

In  c<£!rtaln  cases  thrust  may  be  conveniently  e^qnressed  by  the  Mach  number: 

(9.58) 

TliS  cress  section  of  the  stream  tube  flow  is  expressed  by  the  ilew  rate  faot,^ 
tor  (ft 

S„*7Si 

According  to  Kiselev's  formula 

/  «=S.  ( w«  (»j- 1)  •  (>.)  -/>.)  -Si.'l/'*  (»!- 1)  •  (‘.) 

Here  p^fisthe  static  pressure  of  the  undisturbed  flow,  vhich  acts  upon  the  shell 
PCh  stagnation  pressure  of  the  oncoming  flov| 

is  the  relative  velocity  at  the  engine  inlet  j 
and  S||  are  the  engine  terminal  sections; 

O-ob-  is  the  total  pressure  recovery  of  a  ramjet  engine. 

During  an  increase  of  the  fvel  feed,  the  thrust  force  grows  because  of  the  de¬ 
crease  of  air  con8:w5)tion,  i.e.,  because  of  the  decrease  of  r<^ative<v^wity  at 
the  inlet  ^2.  becaure  of  the  increase  of  stagnation  pressure  after  the  exit 
Pyl^j  an  increase  of  poi,  is  accon5)anied  by  a  decrease  of 

The  thrust  factor  of  a  ramjet  engine  Cg  varies  during  a  change  in  the  fuel  flow 
rate  Just  as  the  thrust  R,  because  we  consider  the  flight  velocitj  and  altitude 
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The  curves  that  depict  the  dependence  of  the  thrust  parsjceters  of  a  rasijet  en- 

cine  iq>on  the  fuel  flow  rate  Gg(or  on  the  surplus  air  factor  cO  are  called  the  control  | 

(Figure  171)  •  Owing  to  the  fact  that  the  supply  of  a  liquid  fuel  is 

aoually  regulated  by  aeans  of  throttling  the  fuel  line^  'Uie  control  characteristics 

of  a  rsB^at  engine  are  called  the  throttle  characteristics . 

The  fora  of  the  control  characteristics  depends  upon  the  flight  altitude  and 

Telocity  l^and  H,  upon  the  fuel  paraneters^  and  upon  the  factors  and 

Sk 

»  • 

Sli 


c,. /kg/sec 


mmm 


Fig«  171*  The  control  characteristics  of  a  subsonic  ramjet  engine. 

Daring  a  leaning  oat  of  the  mixture  the  thrust  force  R  and  the  thrust  factor 
slowly  diminish  at  first.  Iheai  oC  are  large  the  velocities  and  ^2*  and  the 
losses  along  the  engine  duct  quickly  grow,  the  pressure*'^ 


losses  along  the  engine  duct  quickly  grow,  the  pressure*'^^ 

I 

and  the  thrust  parameters 

The  specific  thrust  of  a  ramjet  engine  I  is  equal  to 


(9.60) 


Daring  an  increase  of  the  surplus  air  OC  the  first  of  the  factors  grows,  but  the 
second  — ^  »  1  •»  decreases  because  of  the  decrease  of  the  relative  growth  of  the 

1Wi  ^ 

velocity  ^  (see  Secticm  5).  During  a  leanings  out  of  the  mixture  the  thrust  forces 
diminish  slowly  at  first;  ^erefore  the  specific  thrust  increases,  passes  the  maxlxeum  ^ 
and  thsi^,  as  the  thrust  begins  to  diminish  rapidly  (faster  than  fuel*  flow  rate), 

MS-97I1OA  '  ^ 


also  begins  to  decrease*  The  total  pressure  recovery  during  a  strong  leaning 

out  of  the  mixture,  decreases  because  of  the  increase  of  and  the  increase  of  the 
losses  in  the  diffuser  and  on  the  local  burner  resistances.  The  coribustion  efficiency 
is  waximim  ifhen  the  surplus  air  is  soiaesrhat  greater  than  one* 

It  is  immaterial  for  the  aircraft  designer  at  vrhat  cost  were  a^iy  of  the  param¬ 
eters  achieved  —  in^sortant  for  him  are  only  the  thrust  coefficient  and  the  spe¬ 
cific  thrust  X*  Therefore,  the  control  characteristic  is  often  represented  in  the 
form  of  curve  =  f(l)  (Figure  172)* 

The  calculate  n  of  the  control  characteristics  is  accon^ilished  by  method  of 
successive  approximations,  stated  in  Section  3,  according  to  the  flow  parameters  w^^. 


SBCTION  7,  THE  VELOCITY  CHARACTERISTICS  OF  SUBSONIC  RAMJET  ENGINES 

During  A  variation  of  the  flight  velocity  the  stagnation  temperature  and  pres- 
sure  of  the  flow,  which  enters  the  diffuser,  change  and  together  with  them,  all  the 
thrust  parameters  of  the  engine  change.  The  dependence  of  the  parameters  of  a  ram¬ 
jet  engine  on  the  flight  velocity,  on  the  Mach  number  of  the  flight  or  on  the  rela¬ 
tive  velocity  \  ^  are  called  the  velocity  characteristics  of  a  ramjet  engine  (Figure 
173). 

With  an  increase  of  the  flight  velocity  w^j  the  relative  velocity  increases 
and  the  flow  rate  of  the  gases  increases.  After  using  (9.6  and  9.16),  we  obtain 
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V  (*r+l)i?r  /Ttt  t<*4)  V  Rt  /Ti 


(9.61) 


"  y  (*r-H)l?r  /T^  ^<*4)  V  Itr  VT,  '  . 

In  order  that  the  coo^eition  of  the  idature  reudne  constant  during  a  Tariao 
tim  in  fliig^t  Telocity^  the  engijie  must  be  eqtdi^d  vith  a  regulator  vhich  Taries 
the  fuel  sufjpljr  in  pr<q[>ortion  to  the  air  ijq>ut,  i.e.^  approxiJDately  in  proportion  to 


The  relative  velocities  along  the  duct  of  the  engine  and  \  increase  vith  an 
increase  of  The  pressure  factors  decrease  (9.9)  during  the  flow  around  local 
resistances  O'h  and  the  diffuser  The  stagnation  temperature  and  pressure  Tq^, 

and  Pqj^  grow  and  the  tocparatura  ratio  decreases : 

.*  ffc**'***  *  (9.62) 

The  pressure  recovery  duzdng  conbustion  (Tgg  (IX,  2,  10)  increases  because  of 


1+-: 


(9.62) 


the  decrease  of  the  teiq>erature  ratio  and  the  decrease  of  the  velocity  of  the  combus- 

tion  products*  The  total  pressure  recovery  and  the  ^^s  dynamic  factor  K  of  a 

•ubeonic  ramjet  engine  changes  insignificantly  vith  an  increase  of  velocity.  The 

ratios  Si  and  ^  remain  constant  in  the  first  approximation. 

""  “  EXg _ 


<*•4# 
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Fig.  173.  The  velocity  characteristics  of  a  subso^.c  ramjet  engine. 

At  first,  while  the  teraperatiu*e  ratio  remains  practically  constant,  the  thrust 


of  a  subsonic  ramjet  engine  changes  proportional3y;_^M2^: 

During  a  further  increase  of  velocity,  ^  decreases,  the  relative  section 

of  the  stream  tube  flow  ^  increases  and  the  thrust  increase  slows  down. 

The  thrust  coefficient  slowly  decreases  with  an  increase  of  velocity  because  of 
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the  decrease  of  K  and  the  teniperature  ratio  0  (see  Figure  173): 


;  fi— i _ 1 


(9.61i) 


The  specific  thrust  of  a  subsonic  rarcjet  engine  increases  with  an  increase  of 
Telocity  due  to  the  increase  of  the  stagnation  pressure  after  the  exit  pq|^  and  the 
increase  of  the  thenaal  efficiency  7)^,  although  ®  decreases  insignificantly; 


-1- 

L  «os  J 

i  . 


/=^^(p/ri/e‘-i). 


(9.65) 


(9.66) 


The  optiminn  heating  increases  during  an  increase  of  flight  velocity 


due  to  the  decrease  of  K  (see  9. 51)* 


Fig.  17 li.  A  flight  occurring  with  such  a  velocity  that  the  thrust  coefficient  and  the 
drag  coefficient  are  equal  to  one  another.  A)  flight* 

The  optimum  siu*plus  air  factor  o(opv  decreases  Kth  an  increase  of  velocity 

(see  9.50). 


Owing  to  the  fact  that  thr  thrust  coefficient  of  a  ramjet  engine  diminishes 
with  an  increase  of  idien  o(  ■  const,  the  flight  of  an  aircraft  with  a  subsonic  ram¬ 
jet  engine  is  stable  for  a  chance  variation?  of  velocity.  Actually,  the  thrust  co¬ 
efficient  of  an  engine  Cjj  diminishes  insignificantly  with  an  increase  of  velocity, 
and  the  drag  coefficient  increases  (Figure  17U).  A  flight  may  occur  with  such  a 
Telocity  at  which  C|j  ■  C^.  If,  because  of  some  reason,  the  flight  velocity  de¬ 
creases,  the  thrust  proves  to  be  greater  than  the  drag  force  and  t..e  velocity  again 
returns  to  its  former  value.  During  a  chance  increase  of  velocity,  the  thrust  proves 
to  be  less  than  the  drag  and  the  flight  slows  doim. 

If  during  the  flight,  the  fuel  supply  is  constant  G  -  const,  then  the  mix- 

o 
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IT*  will  loan  out  with  an  increase  of  velocity  and  the  change  of  the  thrust  co- 
'£loiintv<JjjI' will. beV  sharper  than  when  o(  •  const.  The  flight  will  be  still  more 
.able  •i^:^^ioh-td  accidents yarjLationstL>’^t’  '4kl;. 

■XmOM  8.  ALTITUDE  CHARACTERISTICS  OF  SUBSONIC  RAMJET  ENGINES 

During  a  change  of  flight  altitude  H,  if  the  flight  velocity  and  fuel  supply 
'•e  constant:  •s.  ■  const  and  oC  *  const^  the  parameters  of  a  ramjet  engine  change  be- 
lusc  of  the  change  of  the  pressure  p^  and  temperature  Tj^  of  the  surrounding  air. 

The  curves,  which  depict  the  dependence  of  the  parameters  of  a  ramjet  engine 
1  the  flight  velocity  H  are  called  the  altitude  characteristics  of  a  ramjet  engine 


"igure  175). 


■■HMI 


M-£t7 


<K<0 
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Legend: 

a)  Troposphere 
B)  Stratosphere 

,§  t  9  i  I9\n  Ht  16  IdHa 

^ponocamict  .Cyoo<»*oe?)#ipa 

ig«  175.  The  altitude  characteristics  of  subsonic  ramjet  engine. 

The  pressure  p^  diminishes  v.Srith  increa'sing  flight'  altitude' (sde  TahleTlUr)*: 
hen  this  happens,  the  flow  rate  of  the  gases  and  the  thrust  force  decrease  approxl- 
ately  in  direct  proportion  to  pjj  (9.61  and  9.63). 

In  order  that  the  mixture  composition  does  not  change  during  an  increase  of 
-Ititudo,  the  fuel  siqjply  should  be  decreased.  The  air  tonperature  dirdnishes  with 
Ititude  xmtil  the  boundaiy  of  the  troposphere  is  reached  (according  to  the  inter- 
ational  standard,  the  atmosphere  *  11  km). 

Vlth  vh temperature  Tjj  the  enthalpy  of  the  air  decreases,  but 
he  te*?)erature  ratio  increases  up  to  H  -  11  km. 

The  thrust  coefficient  and  the  specific  thrust  I,  in  accordance  with  (9.31) 
nd  (9.3ii)  Increase  (see  Figure  175)  for  an  increase  of  the  temperature  ratio 
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The  optiiBUin  temperature  ratio,  at  vhich  the  specific  thrust  reaches  the  maximum 
value,  does  not  depend  on  the  flight  altitude  (see  9*5l)*  The  optimum  surplus  air 
increases  with  an  increase  of  altitude  H  because  of  the  decrease  of  Tn  (see 
9»$0),  right-  up  to  an  altitude  of  11  km. 

After  the  passage  into  the  stratosphere,  where  ^sconst,  all  the  parameters 
of  a  ramjet  engine,  with  the  exception  of  thrust,  would  remain  constant  if  the  combustion 
efficiency  ^ sg  constant.  In  actuality,  the  density  of  the  gases  in  the  com¬ 

bustion  chamber  diminishes  with  an  increase  of  altitude.  If  the  altitude  control  of 
the  fuel  composition  is  accomplished  by  a  change  of  the  fuel  feed  pressiire,  then  the 
coarseness  of  the  fuel  dispersion  will  increase  with  an  increase  of  altitude.  Because 
of  the  decrease  of  density,  the  speed  of  the  heat  transmission  from  the  surrounding 
flow  to  the  drops  will  diminish  and  evaporation  of  the  fuel  in  the  carburation  zone 
and  in  the  combustion  zone  will  deteriorate.  The  dispersion  jet  will  be  broadened 
and,  other  conditions  being  equal,  the  mixture  in  the  area  of  the  flame^holders  may 
be  leaned  out.  The  combustion  efficiency  decreases  with  an  Increase  of  altitude  be¬ 
cause  of  the  deterioration  of  carburation.  The  decrease  of  the  combustion  efficiency, 
which  Is  topped  off  by  the  total  cessation  of  combustion,  establishes  the  altitude 
liadt  for  subsonic  ramjet  engines. 

SECTION  9.  THE  JSE  OF  SUBSONIC  RAMJET  ENGINES 

The  first  tests  of  the  practical  use  of  subsonic  ramjet  engines  took  place  in 
the  USSR  in  1932-1935  under  the  leadership  of  Professor  Yu.  A.  Pobedonostsev .  In 
1939  the  Soviet  designer  I.  A.  Merkulov  installed  two  ramjet  engines  of  his  own  de¬ 
sign  vfigore  176)  under  the  wings  of  the  1-15  fighter,  designed  by  N,  N.  Polikarpov. 
These  ramjet  engines  were  to  serve  as  boosters,  i.e.,  to  impart  a  fxurther  increase  of 
velocity  to  the  aircraft,  after  the  basic  powwr  would  have  reached  its  peak! 

Merkulov*  8  ramjet  engine  had  a  diameter  of  1^00  mm,  a  length  of  1,500  mm,  and  a 
weight  of  12  kg.  The  engine  need  the  same  brand  of  tW’ain;i%fH^©-iaa3&i  power 
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. -  - j^^^***w  xxsm  con5i8^.ca  or  nearly  >  Kg/nr  per  kilogram  of 

thrust  or  «t  a  TSlloelty  of  600  lo^hr  -«  nearly  2  kfAt*  horse  pouer,  i«e.,  it 

itts  eight  tises  greater  than'  thVrb^ef  tI»tiiaia'pdlir«r''pi«btW 


Pig.  176.  I.  A.  Merkulot's  raejet  engine,  ehieh  was  installed  on  ^  Polikarpov  1-15 
filter. 

By  including  a  ramjet  engine,  the  speed  of  an  aircraft  was  increased  by  l|0-50 
kB0jr.  However,  with  the  inoperative  boosters,  >Mch  had  great  aerodynamic  drag, 
the  speed  of  the  aircraft  proved  to  be  substantially  less  than  without  boosters. 

An  attenpt  to  use  a  ramjet  engine  as  a  booster  for  a  propeller-driven  aircraft 
was  also  made  b)*  the  German  designer  Senger  in  15U3*  • 

Ivan  during  the  Second  World  War,  furojects  of  fighter  aircraft  with  ramjet 
engines  as  the  main  power  plants  were  carried  out  in  Germany*  One  aheh'itrojec;^  • 
belonged  to  Senger  (Figure  177).  The  aircraft  was  carried  aloft  by  a  mother-aircraft, 
was  released  and  proceeded  to  Independent  flight.  The  Mach  number  of  the  flight  was 
to  be  equal  to  0.7,  and  the  flight  range  was  to  be  600  km.  Benzine  was  to  serve  as 
the  fuel  for  the  ramjet  engine. 

Another  similar  project  was  developed  in  19U»  by  Idppisch  and  Pabst  at  the 
Pokke-Wulf  plant  in  Vienna*  The  aircraft  was  also  to  be  carried  aloft  by  a  mother- 
aircraft.  After  the  ramjet  engine  started,  the  aircraft  gained  the  design  velocity 
by  diving.  Carbon,  which  filled  the  combustion  chamber,  was  to  serve  as  the  fuel 
for  Lippisch's  aircraft.  The  low  heidingUvalue  of  carbon  (7650  kcalAg)  is  compen¬ 
sated  by  its  high  density  (higher  than  1500  kg/m^),  owing  to  which,  the  volume  and 
frontal  drag  of  the  combustion  chamber  prove  to  be  less  than  a  tank  with  benzine 
would  have.  The  calculated  flight  duration  with  a  velocity  of  more  than  1,000  lor.Air 
was  to  be  30  minutes. 

The  projects  were  not  completed  because  of  Germany's  defeat  in  the  war  and  the 
cessation  of  all  projects  on  the  design  cf  military  aircraft. 
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Fig.  177*  Senger's  project  of  a  fighter  with  a  ramjet  engine,  19Uii. 

1  —  diffuser,  2  —  combustion  chamber,  3  —  nozzle,  U  —  pilot's  cabin, 

5  »  fuel  tank. 

Bede  in  1938  the  French  designer  R.  Leduc  began  to  work  on  the  project  of  a 
fighter  aircraft  vith  a  ramjet  engine.  At  the  present  time  Leduc' s  aircraft  is 
undergoing  flight  testing.  Although  this  aircraft  has  not  yet  developed  supersonic 
speeds,  it  is  intended  for  a  flight  at  3.  Therefore,  It.  will.  Ih 

The  American  designer  R.  Narquardt  developed  (19U7)  a  subsonic  ramjet  engine 
system,  tested  it  in  fli^t  in  the  aircraft  "Shooting  Star"  (see  Figure  3)»  and  form¬ 
ed  a  firm  to  produce  ramjet  engines.^ 

At  the  present  time /subsonic  ' ramjet  ^ engines  are  usbd  iri'target(7.i±reites3c^gtili}ba 
f  ■a«Ile8|',and  on  lielicopters. 

The  American  firm  Martin  developed  a  target  drone  ~  the  Gorgon  IV  ~  equipped 
vith  a  Narquardt  ramjet  engine  and  guided  by  radio  (see  Figure  17a).  A  target  drone, 
the  speed  of  which  is  close  to  that  of  jet  bombers,  is  used  for  training  personnel 
and  for  testing  various  means  of  antiaircraft  defense.^ 

Guided  missiles,  which  are  directed  by  radio  and  supplied  with  self -guidance 
instruments,  are  used  to  defeat  enemy  ships  at  distances  where  ai*tillery  is  impracti¬ 
cable.  Ramjet  engines,  which  consume  several  times  less  fuel  than  a  liquid-fuel 

Narquardt,  American  Aviation,  vol.  17,  No.  18,  I-II,  195U,  2h-28. 
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suitablo  for  launching  pUoUcss’ain^^flighttguidea'^aiiBraQa^g/ ^ 

Subaonle  ra»J«t  engines,  vhich  ere  installed  at  the  ends  of  rotor  blades,  are 

•t 

naed  Sw  prinary  helicopter  engines*  As  an  exat^ple  ve  vili  cite  the  Asierdcan  heli> 
eopter,  the  Figure  18),  which  has  ramjet  engines  in» 

ftelled  at  the  ends  of  the  sewM^neter-long  two-bladed  rotor.  At  the  design  rotor 
speed,  ‘Uie  engines  derelop  a  power  of  ieore  than  I|0  hp  each.  The  diameter  of  the 
engine  is  ^00  »m,  the  length  ie  60()  ien|  the  weight  is  2.5  kg;  the  thrust  —  nearly 
ll*  kg;  and  the  fuel  —  kerosene.  The  total  weight  of  the  helicopter  is  250  kg;  the 
useful  load  is  nearly  lUO  kg;  the  cruising  speed  is  100  kin/hr;  the  flight  range  is 
50  ka;  the  flight  duration  is  30  minutes;  and  the  rate  of  climb  is  0*3  km/mln.  The 
starting  of  the  engine  is  accon^lished  with  the  aid  of  a  hand-operated  inertia  start- 
•r*  Due  to  their  eittrene  simplicity,  helicopters  with  ramjet  engines  may  find  wide 
usage  as  a  means  of  transportation,  in  agricultural  aviation,  and  even  in  war  during 
landing  operations  and  ferrying. 

Subsonic  ramjet  engines  are  not  widely  used.  Supersonic  ramjet  engines  possess 
greater  poseibllltiee. 
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CHIPTER  Z 


SUPERSONIC  fUMJET  ENGINES 

8iip«r8c»iic  ranjet  engines  (SFVRD)  ere  intended  for  flights  at  speeds  that  are 
higher  than  the  speed  of  sounds  i.e*,  atM>l»  The  upper  Unit  of  the  velocity  to 
shieh  ranjet  wigines  stay  be  used,  is  determined  by  the  temperature  of  the  gases  be* 
fore  exit  T03*  The  greater  the  difference  Tq3-Tq2i  the  greater  the  terminal  flight 
velocity*  During  operation  on  high-calorific  fuels  or  on  atomic  energy,  the  velocity 
of  a  prolonged  flight  is  limited  by  the  heat  resistance  quality  of  the  materials, 
since  the  stagnation  tei>qperature  at  M  >  6  becomes  greater  than  the  melting  point  of 
steel. 

The  geonetry  of  a  supersonic  ramjet  engine  is  determined  by  the  design  flight 
velocity  and  the  purpose  of  the  engine. 

The  specific  fuel  consumption  of  a  supersonic  ramjet  engine  at  M  as>  U  is  less 
than  and  the  total  efficiency  is  greater  than  that  for  apy  other  type  of  engine 

Supersonic  ramjet  engines,  like  subsonic  ramjet  engines,  are  Incapable  of  self- 
starting.  Supersonic  ramjet  engines  must  be  accelerated  to  their  initial  velocity  vlth 
the  aid  of  a  special  booster*  A  rocket  booster  is  the  most  effective  means  of  acce¬ 
lerating  a  aupereonic  ramjet  engine*  The  air-to-air  and  air-to-ground  missiles  that 
are  launched  by  high-speed  aircraft  do  not  need  boosters. 

The  theory  of  eupereonic  ramjet  engines  vas  formulated  by  Stechkin,  Zuyev, 
Abramovidi,  Crocco,  Senger,  Willey,  Trofonsdorf,  &nd  many  other  Soviet  and  foreign 
authors.  The  present  status  of '8\q;}er8onic  ramjet  engine  theory  is  stated  below* 

SECTION  1.  THE  PRIMaPLE  SCHEMATIC  OF  A  SUPERSONIC  RAM  JETT  ENGINE 

Si9>er8onic  ramjet  engines  (Figure  178)  have  the  same  basic  parts  as  subsonic 
ramjet  engines:  a -diffuser,  a  cemibustion  chamber,  and  an  exhaust  nozzle* 

Th***  eh»pe  of  a  supersonic  diffuser  is  determined  by  the  design  flight  velocity 
and  the  purpose  of  the  engine.  At  design  velocities  of  •  1  to  ■  2  the  engine 
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ia  supplied  vith  a  diffuser  having  a  normal  shock  wave  at  its  inlet  (Figure  178a). 

The  pressure  recovery  factor  after  a  normal  shock  wave  diMnishes  from  (Tpj.  -  I9O 
to  ffpj.  •  0*70  for  a  velocity  increase  of  1%  ■  1  to  ■  2.  An  assembly  of  oblique 
shock  waves  at  the  inlet  idien  M<2  may  increase  the  pressure  b>  not  more  than  10-20^. 


If  the  pressure  in  the  cc»i)ustion  chamber  po^  is  higher  than  aritical,  a  supersonic 

Sh 

nozzle  may  be  installed  at  the  engine  outlet.  The  nozzle  divergence  C  “  ®^5t  be 

oi^cr 

1fl*e  preitterr  the  larger  dti^T^^pressure  ratio  in  the  combustion  chamber  ahead  of  the 
exit  (see  Figiu*e  77). 


Legend: 

1)  Normal  shock  wave 

2)  Oblique  shock  waves 

3)  Acceleration  diffuser 
t)  Bullet 


Fig.  178.  Schematics  of  supersonic  ramjet  engines. 

a  — •  a  supersonic  ramjet  engine  with  a  normal  shock  wave  at  the  inlet, 
b  —  a  ramjet  engine  w^th  a  multi -shock  wave  diffuser  and  a  fixed-geometry 
nozzle, 

c  —  a  supersonic  ramjet  engine  with  a  multi-shock  wave  diffuser  and  a 
variable-geometry  nozzle, 

d  —  a  supersonic  ramjet  engine  with  no  exit  nozzle. 


At  high  design  flight  velocities  (H  ^2)  a  multi-shock  wave  diffuser  (for  which 


the  pressure  increase  is  significantly  more  effective  tnan  during  a  single  normal 
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shock  HEY#)  is  instsUsd  mt  the  inlet  to  the  engine.  Thus,  tihen  Mjj*  3;  ■ 

The  pressure  iner esses  spproxliiately  12  tines  in  s  diffuser  vith  a  normal  shock  vave, 
so  that  *  0*3 •  In  a  nulti-shock  wave  diffuser  the  pressure  increases  core  than 
20  tlMSf  so  that  (r^n^O*65.  Thus,  an  arrangement  of  obliqud  shock  waYes  at  the  in¬ 
let  ahen  N  ^  3  increases  the  stagnaticm  pressure  at  the  diffuser  outlet  more  than  2 
tines*  Vith  a  further  increase  of  the  design  flight  Telocity,  multi-shock  wave  dif¬ 
fusers,  in  conparison  with  normal  shock  wsTe  diffusers,  give  still  greater  benefits. 

The  most  suitable  configuration  of  a  deflecting  spike  and  the  value  of  the  dif¬ 
fer 

user  throat  cross  section  depend  upon  the  design  velocity.  As  increases  the 
most  suitable  number  of  shock  waves  increases,  the  optimum  turning  angles  of  the  flow 
^1,  and  ^  decrease,  the  compression  of  the  air  increases,  and  the  critical  sec¬ 
tion  of  the  throat  S^er  diminishes.  The  design  critical  cross  section  of  the  exhaust 
nossle  also  decreases  vith  an  Increase  of  1%.  An  engine  vith  a  fixed-geemetry 
nay  operate  under  the  design  conditions  onljr  at  one  flight  speed.  A  single  regime 
engine  vith  a  fixed-geometry,  which  is  designed  for  flight  at  a  predetermined  velocity, 
is  shown  in  Figure  176b^  A  multi-regime  engine,  which  is  intended  for  flight  at 
various  velocities  for  various  temperature  ratios,  must  be  equipped  vith  a  variable- 
geometry  (Uffusor  and  nozzle  (see  Figure  176c).  A  maximum  thrust  engine,  idiich  is  de¬ 
signed  for  high  combustion  temperatures,  is  smnetimes  constructed  without  a  constric¬ 
tion  at  the  outlet:  (see  Figure  178d). 

The  diffuser  portion  of  a  sij^ersonic  ramjet  engine  may  be  divided  into  super¬ 
sonic  and  subsonic  portions  (Figure  179b).  The  flow  in  front  of  the  oblique  diffuser 
shock  wave  is  supersonic.  The  flow  through  the  divergent  portion  of  the  diffuser, 
through  the  combustion  chanber,  and  through  the  nozzle  up  to  its  critical  section  is 
subsonic;  the  flow  from  the  nozzle  throat  section  to  the  exhatist  plane  and  after  it  is 
supersonic . 

The  greater  the  design  free  stream  flow  velocity  for  a  given  inlet  area  ratio 

Si  ®lcr 

the  smaller  the  critical  inlet  section  ratio  the  larger  the  widening  of  the 

subsonic  portion  of  the  diffuser,  and  the  smaller  the  relative  velocity  at  the  combus- 
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tion  chamber  inlet  \.2‘  absolute  value  of  the  velocity  in  the  exhaust  section 
$2  of  a  diffuser  of  a  supersonic  ramjet  engine^  i.e.,  at  the  combustion  chamber  in¬ 
let,  io  nearly  100  n^sec.  The  velocity  at  a  combiistion  chamber  outlet  vhich  has  no 
exit  nozzle  constriction  (S3  ■  •  S|^)  may  reach  the  local  speed  of  sound  (see 

Figure  178d). 

The  flow  through  the  subsonic  portion  of  a  diffuser  depends,  to  a  significant 
degree,  upon  the  divergent  angle  of  a  right  circular  cone  .  If  this  angle  ex¬ 
ceeds  10°,  the  pressure  recovery  in  the  subsonic  portion  diminishes  (see  Figxire 
6lc).  This  is  caused  by  a  separation  from  the  walls  and  the  appearance  of  turbulence 
in  the  flow,  and  is  accompanied  by  a  dissipation  of  energy.  At  angles  idiich  are  less 


than  5®,  pressure  recovery  decreases,  due  to  surface  friction  losses  irtiich  increase 

d2  -  di 

with  an  increase  in  the  diffuser  length  t  -  'g  'jg'n  ^  optimum  divergence  angle 

~2 

of  a  ri^t  circxilar  cone  lies  within  the  area  of  5®  <0fjj<ri0°. 
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Fig.  179.  The  internal  arrangement  of  a  supersonic  ramjet  engine, 
a  —  perspective  cross  section,  b  —  diagram 


Legend: 

1 )  Diffuser 

2)  Combustion  chamber 

3)  ^hel  pujip 

k)  iijectors 

5>)  Flame-holder 

_ ^  6)  Nozzle 

,  7)  Siqjcrsonic  flow 

8)  Subsonic  flow 

9)  Fuel  injection  and 

Flame  stabilization 
npMme,^  Incoming  air 

Sskt  '  11)  Con^jression 

Zt  12 )  Conbustion 

ZX  13)  Expansion 

lli)  Hot  Oases 
^  1$)  Shock  wave 

16)  Inlet  diffuser 

17)  Exliaust  nozzle 


In  principle,  the  combustion  charuber  of  a  supersonic  ramjet  engine  (F'gure  179) 
is  constructed  like  the  combustion  chamber  of  a  subsonic  ramjet  engine.  We  note  that 
with  an  increase  of  flight  velocity  the  stagnation  temperature  and  pressure  in  the 


eonbustlon  chamber  inlet  increase,  the  relative  velocity  diminishes,  and  the  opera 
tiim  of  the  combustion  chamber  is  improved. 


SECnON  2.  THE  GAS  DYNAMICS  OF  A  SUPERSONIC  RAMJET  ENGINE 

A  diagram  of  the  gas  flow  through  a  supersonic  ra'^jet  engine  having  a  multi¬ 
shock  wave  diffuser  is  depicted  in  Figure  180.  Oblique  shock  vaves  appear  on  the 
multi-step  spike  of  a  diff  ser  as  the  st^>ersonic  flow  approaches  (see  Chapter  II, 


Section  11).  The  air  tesperature,  pressure,  and  density  variations  in  the  oblique 
shock  waves,  which  are  expressed  by  (2.118,  2.119,  2.122,  and  2,123),  are  depicted 
in  Figiu'es  39,  liO,  lA,  and  hZ, 

The  velocity  of  the  flow  during  its  passage  through  the  oblique  shock  waves 
diminishes,  idiile  the  pressure  and  density  increase.  The  direction  of  the  flow 
through  the  oblique  shock  waves  changes.  The  air  stream  lines  along  the  surface  of 


the  spike  are  parallel  to  its  surface. 


r 


^  JOMUXaKHIfUU 


CKBIOK 


Kf* 


Legend: 

1)  Last  oblique  shock  wave 

2)  Rarefaction  wave 

3)  Terminal  shock  wave 
U)  Normal  shock  wave 


Fig.  180.  A  schematic  of  the  shock  waves  in  a  diffuser  inlet. 

a  —  desi^  casej  b  —  Mj^<  c  —  Mrasch^  d  -  -  Mraach, 

Sl|ep(Sijcr'ra8ch 

The  final  shock  wave  is  usually  formed  inside  the  diffuser  duct. 
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The  air  flow  through  a  supersonic  engine  Gy  is  deterirdned  by  the  cross  section 
of  the  diffuser  inlet  slot  Sshch>  '^ich  is  measured  normal  to  the  stream  lines  in  the 
diffuser  inletj  and  by  the  velocity  and  the  density  of  the  flow  after  the  last  oblique 

ahock  wave  w^»l  and  n-i  (i  is  the  number  of  shock  waves  in  the  dii fuser ^  t 

% 

(10.1) 

>diere  k  is  the  factor  tiiat  is  determined  by  the  depth  of  the  boundary  layer  at  the 
diffuser  inlet.  The  greater  the  depth  of  the  boundary  layer  tO-thS; 


iiCight  Oi  :the  inlet  slot,  the  less  becomes  K,  .  i  '.«  -  'l;  •  ■  . 

The  air  flow  may  be  expressed  by  the  parameters  of  the  free  stream  flow  and  the 
inlet  cross  section  $1  (see  Figure  l80)j 


(10.2) 


where  Cf  is  the  mass  flow  ratio  of  the  diffuser. 

If  the  shock  waves  are  focused  on  the  inlet  edge  of  the  diffuser  (Figure  x80a), 
then  ^  ■  Ij  additive  drag  is  absent:  X(j  «  0.  In  order  to  bring  the  diffuser  mass 
flow  ratio  up  to  one  idien  the  inlet  throat  is  "choked"  by  a  boiindary  layer,  the 
cross  section  of  the  inlet  slot  is  made  greater  than  design: 

,,  I  .  \  \  (10.3) 

If  the  flight  velocity  Mjj  is  less  than  design  point,  then  the  shock  wave  inci¬ 
dence  angles  cCi,  c(2>  and  others,  will  be  greater  than  design  point  values  and  the 
air  flow  through  the  diffuser  will  become  less  than  the  maximum  possible  value 
SiWjjYn>  since  a  portion  of  the  flow  is  directed  around  the  diffuser  inlet  slot  (Figure 
I80b).  The  mass  flow  ratio  (j)  decreases  and  additive  wave  drag  X<^  appears. 

If  the  flight  velocity  is  greater  than  the  design  value,  the  shock  wave  in¬ 
cidence  angles  become  less  than  design  values  and  the  oblique  shock  waves  will  enter 
the  diffuser  (Figure  180b).  The  pressure  recovery  CT^  will  b-  less  than  design  for  a 
given  velocity.  The  air  flow  will  remain  the  maximum  possible:  1,  and  additive 

drag  will  be  absent;  0. 

The  flow  of  the  gases  through  any  sectior  of  the  engine  S^,  is  determined  by 
the  relative  flow  velocity  and  the  stagnation  temperature  and  pressure  in  this 
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section  pQjj^  and  (see  2,1k)  i 

This  index  belongs  to  all  the  variations  that  enter  into  the  flow  equation. 

The  flow  equation  is  used  to  find  the  relationship  between  the  cross  sections 
of  the  engine  on  one  hand  and  the  flows  stagnation  pressures  and  temperatures  of  th*? 
gases  on  the  other. 

Any  two  sections  and  may  be  described  as: 

Of  _  I  */  Si  pqi  y(X/) 

0.  [/  k,  Rt  S„  /;oa9(a«)* 

For  any  "cold"  section,  for  example,  for  the  free  stream  flow  section  Sjj  and  for 
the  diffuser  exhaust  section  $2 

kn  -  k2  -  k;  Ton  -  T02  «  Tq^J  Gn  *  G2  and 

Consequently, 

_  I  *»*t*w> 

(10.6, 


P02  .  ^ 

m 


*1  1(h) 


I 

For  low  and  X2  cospressibility  of  the  air  is  insignificant: 


-^s=s/lg)  as- !; 

IM  Tfts 


and  the  relative  velocities  are  inversely  proportional  to  the  sections: 


h  ^ 


,For  the  critical  and  exhaust  section  of  the  diffuser  Sjep  r>2j  consider ingf 


that 


J 


from  (10.6)  we  obtain 


(10.7) 


Here 


(f^"  is  the  pressure  recovery  of  the  subsonic  portion  of  the  diffuser 


CjI*  is  the  pressure  recovery  of  the  supersonic  portion  of  the  diffuser 


liil 
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With  an  increase  of  the  relative  velocity  the  gas  dynainic  function  Q(An) 


decreases j  the  density  of  the  air  in  the  critical  section  of  the  diffuser  grovs  and 


the  calculated  cross  section  of  the  throat 


Sicr 


decreases.  With  a  decrease  of  pres¬ 


sure  recovery  in  the  supersonic  portion  of  the  diffuser  density  of  the  air  in 

the  throat  Yicr  decreases  and  the  critical  section  increases. 

^Re^tionsMps  analogous  to  (10.6)  and  (10.7)  may  be  described  also  for  the 
"hot”  sections  S^,  and  S^,  by  considering  that  »  k|^  »  kg;  Tq^  «  To)^  •  Togj 

and  G3  *=  Gj|  as: 

I  » 

c  (10.8) 


Here 


(Tg'  is  the  pressure  recovery  of  the  subsonic  portion  of  the  nozzle 

o>^«0.97; 

P» 

tTg"  is  the  pressure  recovery  of  the  supersonic  portion  of  the  nozzle; 

The  relative  velocity  of  the  eidiaust  gases  depends  on  the  ratio  of  the  stag¬ 
nation  pressure  to  the  static  pressure  at  a  gi.ven  section: 

/•  PU 


r 

_^I- 

V 

I  ^(PL.\ 

f  *r-l 

V/M  /  _ 

(10.9) 

Consequently,  6  (Xj^)  and  the  design  degree  of  divergence  of  the  nozzle  is 

Sa  _  V*,  H- 1  / 


A  r  JL  ' 

-T 


(10.10) 


The  stagnation  pressure  ratio  of  the  exhaust  gases  -p  is  smaJLler  than  the  stag- 

POn  ^ 

nation  pressure  of  the  free  strean  flotr  : 

,  Pn 


Pi  /E9  /as  Psa  p&i  p*  Pi 


=aeO„Va 


JbL 

Pi 


•««  Pm 


(10.11) 


«  (Xa)  s  (J«)  ^4  *. 

)  Basically,  the  design  ratio  of  the  hot  and  cold  throat  sections  is  determined 

T 

by  the  temperature  ratio  S 

^Qx 
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re 


-r-^ — r  • 


A 

0« 


rl+. 


^ — sr 

.>■  fcirr 
fcrir 


The  design  ratio  of  the  engine  terndnal  cross  sections  is 
'  '  t(x,)^  g/r  x(k^ 

A:«o6  «(^4)  ^  />'4 


•e. 


/C=A;  ^=l/A^i±i-gi-. 


(10.13) 


(lO.lli) 


(10.15) 


a 

If  the  composition  of  the  nixtiire  is  given^  then  with  an  increase  of  flight 
locity  \he  temperature  ratio  6  dindnishes: 

i«s  I  ^  0«) 

Tifc  *#0+*tyrB 


(10.16) 


The  nossle  exhaust  section  nay  not  be  greater  than  the  nidships  section  of  the 

Si 

^net  S||*  The  design  cross  section  of  the  inlet  and  the  ratio  of  the 

Slcr  ^ 

'oat  sections  of  the  diffuser  and  nozzle  gp—  increase  with  growing  velocity  due 

«icr 

the  decrease  of  the  tesperature  ratio. 

The  relative  velocity  ahead  of  the  exit  \  ,  in  accordance  with  (10.8),  is  de- 

^joined  by  the  ratio  of  ttie  sections  — .  The  relative  velocity  before  combustion 

®Ucr 

^  is  detendned  by  Kiselev's  ratio  (8.32).  The  pressure  recovery  for  combustion  is 
.ersdned  by  the  ratio  of  (8.3^1).  The  pressiire  recovery  for  the  flow  around  local 
-ner  resistances  is  detendned  by  the  ratio  of  (8.19). 

The  pressure  recoveries  of  the  diffuser  CT^  and  the  nozzle  are  determined 
flow  tests. 

Ve  will  assume  that  the  geometry  of  an  engine  is  given.  To  operate  within  the 
fign  conditions,  the  engine  will  be  at  only  one  temperature  ratio  ^pasch 
'  design  flight  velocity  (^n)i.a8ch*  F®**  increase  of  the  ratio  0  >  0  rasch^ 

‘  velocity  ahead  of  the  exit  X.^  does  not  vary,  but  the  mass  flow  rate  of  the  gases 
“iee  because  of  the  increase  of  temperature  and  the  decrease  of  the  density  of  the 


exhaust  gases  (see  10. 1^).  The  flow  velocity  in  the  cold  sections  S^,  S2cr>  ^nd  $2 
decreases  while  the  pressure  recovery  (Tj^  grows  during  the  flow  around  the  local 
burner  resistances.  The  pressure  recovery  during  preheating  decreases  because 
of  the  increase  of  the  temperature  ratio.  The  pressure  recovery  of  the  combustion 
dianber  ^  »g  **®’®*^*^s  practically  constant.  The  final  shock  wave  is  ex¬ 

pelled  from  the  diffuser  inlet  slot  with  an  increase  of  the  temperature  ratio  above 
the  calculated  value  and  the  mass  flow  factor  ^  diminishes  and  a  "buzz"  condition 
begins.  The  pressure  recovery  remains  practically  constant  (see  Figure  l80d). 

With  a  decrease  of  the  temperature  ratio  to  a  value  that  is  less  than  the  de¬ 


sign,  the  air  flow  rate  is  limited  by  a  choke  point  in  the  diffuser  throat  and  reiriains 
constant  1.  The  relative  velocit^s  ^2*  determined  only  by 

the  geometry  of  the  engine  and  do  not  change.  The  stagnation  pressure  ahead  of  the 
exit  Pq^  and  the  static  pressure  at  the  nozzle  exhaust  edge  p|^  decrease;  and  the  over¬ 
all  pressure  recovery  0*^^^  decreases: 


Pm  — 
fo»  Pm 


(10.17) 


(10.18) 


With  a  decrease  of  flight  relative  velocity  the  stagnation  ten?)erature  of 
the  free  stream  flow  Tqjj  •  decreases.  If  the  stagnation  temperatiu*e  of  the 

eadhaust  gases  Tq|^  or  the  mixture  ratio,  o(,  are  constants,  then  the  temperature  ratio 
0  will  increase  and  the  calculated  cross  section  of  the  inlet  and  will  de¬ 
crease.  But  >dien  Is  constant,  one  must  increase  the  throat  section  of  the  nozzle 
®Ucr*  recovery  of  the  supersonic  portion  of  the  diffuser  increases  with 

a  decrease  in  flight  velocity. 

If  the  engine  must  operate  in  design  conditions  at  any  flxght  speed  •  Sj^, 

Pl»  “  Pn»  ®  reduction  of  flight  speed,  the  degree  of  divergence  of  the  ex¬ 
haust  nozzle  6  »  —  decreases  and  together  with  it,  the  relative  velocity  and  the 


^lior 


stagnation  pressure  of  the  exhaust  g-  ses  and 

In  order  for  the  same  ramjet  engine  to  operate  at  any  speed  and  at  any  temperatu 


"atio  at  the  design  condition,  i.e.,  at  the  greatest  possible  pressure  before  the 
lostla  and  with  the  least  additire  diffuser  drag  X^,  its  terxdnal  and  throat  sections 
nust  be  controllable* 

SeCTIOM  3*  THRUST  PARAMETERS  (F  A  SUPERSONIC  RAMJET  ENCHHE 

To  detemine  the  thrust  paraneters  of  a  supersonic  ranjet  engine,  it  is  neces- 

sary,  at  first,  to  find  its  jet  thrust  R.  (see  2*90): 

!  :  t-Ft-F.-i>.(S,S.).  '  (10.19) 

The  iiipulse  of  the  exhaust  gases  F|j  is  determined  by  the  equation  (2.86): 


(10«20) 


After  utilizing  (5*27),  we  obtain 


i  (10.21) 

The  aaxijnuin  relative  ‘discharge  velocity  ( A),)inyy  Is  determined  by  the  intended' 


ressure  ratio  ^22: 

Pn 


/»['-(*) ' .  ■ 


(10.22) 


The  design  degree  of  nozzle  divergence  ^r^sch  expressed  by  the  equation 

10.10)  ^ 

(10.23) 

mth  a  decrease  of  the  nozzle  pressure  coefficient,  the  relative  velocity 
f  the  exhaust  gases  diminishes,  the  static  temperature  of  the  gases  Increases, 

he  density  of  the  gases  decreases,  and  the  calculated  degree  of  nozzle  diver- 
ence  Cp^ch  increases. 

With  an  increase  of  the  degree  of  divergence  t  the  nozzle  pressure  coefficient 
f  8*  decreases,  the  dissipation  of  energy  in  the  nozzle  grows  and  the  pressure  losses 


ncrease. 


At  E=a  jCfi-A-er:®  -ALj 

Pi  Pi  Pm  Pm 


(10.21:) 


Tb*^  pressure  coefficient  or  impulse  loss  in  nozzles  of  various  configurations 
nd  idth  various  degrees  of  divergence  are  determined  by  experimental  tests. 
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With  an  increase  of  the  design  flight  velocity  the  losses  in  the  diffuser 

and  noz2Q.e  increase  and  the  gas  dynamic  coefficient  of  the  engine  K  •  --li  decreases. 

•  ^n 

The  stagnation  impulse  of  the  oncoming  flow,  which  acts  on  the  inlet  section 
of  the  engine  is  equal  to  the  sum  of  the  momentum  and  the  unbalanced  pressure 
forces  which  act  on  the  inlet  slot  and  the  deflecting  spike.  Considering  the  forces 
which  act  on  both  sides  of  the  control  surface,  formed  by  the  surface  of  the  spike  and 
the  section  of  the  inlet  slot  (Figure  183),  we  obtain 

^1  =1^^  +  cos  <t)^  +  Jp  == 


(10.25) 


where  is  the  summary  rake  angle  of  the  flow:  0?^^^  •  ^  +  ... 

The  integral  ^  pdS  represents  the  geometric  sum  of  the  pressure  forces  on  the 
surface  of  the  spike  vdiich  protrudes  from  the  diffuser  (see  Figure  179). 

If  the  oblique  shock  waves  are  focused  on  the  forward  edge  of  the  diffuser, 
additive  drag  resistance  is  absent:  Xd  ■  0,  In  all  cases,  when  the  shock  waves 
move  away  from  the  forward  edge  of  the  diffuser,  additive  drag,  which  is  determined 
e3q)erimentally,  appears. 


The  effective  thrust  is 


(10.26) 


The  stagnation  impulse  of  the  stream  tube  flow  depends  on  the  relative 
flight  velocity  on  the  atmospheric  pressure  Pj^,  and  on  the  cross  section  of  the 
stream  rube  at  infinity  S„. 

Hfter  utilizing  (2.71);  (2.7ii)}  and  (2.8l),  we  obtain 


'Ir«/ 

where  a^  is  the  critical  velocity  before  heating. 


(10.27) 


The  cross  section  of  the  stream  tube  flow  is  determined  from  the  continuity 


suation 


(10.28) 
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The  Bass  flow  ratio  ^  during  heatings,  which  are  less  than  calculated  6< 
is  detwmlned  bj  the  fligjht  Telocity  Xn*  configuration,  and  the  location  of  the 
ranter  bodiy  dlffusecr.  At  temperature  ratios  iddch  are  more  than  calculated  6  >  ^rasch^ 
the  Bass  flow  ratio  is  determined  by  the  cross  section  of  the  exhaust  noszle 
and  the  parameters  of  Uie  gases  ahead  of  the  exit  Pqj  and  Tq^,  and  also  by  the  pres- 
eura  coefficient  of  the  subsonic  portion  of  the  nossle  • 

At  design  point  conditions,  when  the  shock  waves  are  focussed  on  the  inlet  edge. 

Pi  •  Pji  find  X^p  *  0.  Then  Sjj  *  Si,  *  1. 

After  substituting  (10,20)  and  10.27)  in  (10.19 ),  we  obtain 


B  (K)  z  (X*)  (X.)  2  (X^)  -p,  (S,  -  SJ;  , 

ffAiiW  Al  rx«0)  SI  .  A.\ 
Sm  »(X)  S.I4  I  5«J, 


(10.29) 


Jet  thrust  is  determined  by  the  relative  fli^t  velocities  and  the  e:d^u8t 
Xji  find  by  the  atmospheric  pressure  Pn*  hy  the  mass  flow  ratio  ^  ,  and  by  the 
inlet  and  exit  sections  of  the  engine.  Si  and  The  tesperattire  of  the  gases  does 
not  enter  into  the  final  thrust  formula  in  an  obvious  form. 

Heating  of  the  gases  is  the  only  means  of  maintaining  the  high  stagnation  pres¬ 
sure  of  the  eExhanst  gases,  i.e,  a  high  X^  '•hen  Sj^cr^Sj^jy.  A  thrust  effect  ^ 

such  as  is  obtained  by  heating,  may  be  obtained  by  introducing  an  imaginery  gas  into 
the  combustion  chamber  of  the  engine,  so  that  the  specific  volume  increases  the  re¬ 
quired  number  of  times. 


The  thrust  coefficient  Cg  is 

/  ■ 


The  effective  thrust  coefficient  is 


(10.30) 


(10.31) 


idler#  is  the  additive  wave  drag  coefficient,  which  is  relative  to  the  midships 

section  and  is  determined  experinentally. 

The  net  throat  coefficient  Cg  is 


b=*Cb — C 


(10,32) 


where  c^ob  d®  drag  coeffidont  of  the  engine  envelope  (friction  drag). 

The  net  thrust  ®f  a  8upsrs<mic  ramjet  engine  R  v..  .  smst  be  greater  than  the 
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aerodynamic  drag  of  the  wings,  fuselage,  tail  assembly,  and  the  other  portions  of  the 
aircraft.  Figure  I8l  shows  the  drag  of  a  V-2  rocket  at  supersonic  flight  speeds.  Th 
f^trag  of  the  envelope  of  an  air-breathing  jet  engine  is  caused  primarily  by 


Legend: 

a)  ingle  of  attack 


Fig.  181.  The  variation  of  the  drag  coefficient  of  a  V-2  rocket  with  Mach  number  and 
angle  of  attack. 


surface  friction  and  by  the  pressure  on  the  diffuser  shell,  since  the  drag  of  the 
center  body  diffuser  is  considered  during  the  determination  of  the  thrust  and  boat 
tail  drag  is  absent  %rtien  •  Sj^.  Therefore,  the  drag  of  the  shell  comprises  $0-70^ 
of  the  drag  of  the  ogive  body  that  is  depicted  in  Figure  I8I. 

At  hi^  supersonic  flight  velocities  the  degree  of  nozzle  divergence  ^  must  be 
great.  Therefore  the  area  of  the  e:diaust  and  midships  sections  are  comparable; 

•  Sjj  (see  Figure  I83). 

If  tl'.e  shock  wavet  focus  on  the  forward  edge,  then  and  the  additive 

drag  X^Qp  “0.  If,  duri.ig  this,  the  exhaust  section  has  the  value  conq)uted  from 
equation  (lO.li:},  then  the  pressure  at  the  eijiaust  edge  is  equal  to  the  back  pressure 
p]j  “  Pjj,  and  the  jet  thrust  formula  may  be  simplified j  using  (2.55)  and  (2.7li),  wo 
obtain 

(10.33) 


Substituting  the  computed  ratio  of  the  inlet  and  exit  sections  ^  in  (lO.ll;),  we 


obtain  a  formula  which  is  similar  to  the  one  which  was  introduced  before  for  subsonic 
ramjet  engines  (see  9.27); 

2*r 


(10.311) 


I 


Tho  thrust  factor  Cr  ■  -  ^ 


After  using  (2.70)  and  fl0.3i;)f  we  obtain 


3ii8 
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(10,35) 


— L_1 

^iSSTTi* 

For  «  glYon  ten^raturo  ratio  6  •  const «  the  thrust  coefficient  raries  Insig- 
nificantljr  vitb  an  increase  of  flight  speed  A^*  At  a  given  iBaxiiti»n  teroperature 
Tog  *■  const  or  for  a  given  Mixture  coinposition  oC  «  const,  the  thrust  coefficient 
disdnishes  vith  an  increase  of  velocity* 


Oenerallx  the  specific  thrust  is  equal  to 

/  A 

Or  Amu  ' 

The  magnitude  of  the  thrust  is  determined  by  the  equation  (10*26)  or  (10.29). 


(10.36) 


When  •  p^  and  •  S^,  the  specific  thrust  of  a  supersonic  ramjet  engine  is 
•Impressed  by  the  formula  (9*3U)  or  (9>»U3) 


The  overall  efficiency  is 


^  On)  Ttf 

Nq  $Oue,ru(t- 1)‘ 


(10.37) 


(10.38) 


When  Sn  ■  and  Pj^  pn 


k+l 


¥K%  /?-  I 
P(t-l) 


(10.39) 


The  thermal  power  that  is  required  by  the  engine  is 


Nq  mm  { kcal/ sec, 

rtf 


*-,1/  *+i^-— 


(lo.uo) 


For  a  given  temperature  ratio,  #^the  required  thermal  power  increases  quickly 
with  an  increase  of  An  owing  to  the  Increase  of  the  air  flow  Oy  and  the  final  tcmpera- 
ture  of  the  gases  Tn-  •  v  — -Ji _ _ 

At  a  given  teu^jerature  Tq^  •  const,  the  thermal  power  at  first  increases  with 

T 

an  increase  of  velocity,  reaches  a  laximum,  and  falls  to  sero  when  Tq.  • — ”  .  . 

®  ^(Xn) 

The  flight  range  of  a  winged  flying  vehicle  with  an  air-breathing  jet  engine 
is  expressed  by  a  formula  of  Tslolkovskiy*  s  (1.15): 

‘  *  j  . 

I  — Y 


F-fS- 


31:9 


(lO.la) 


From  (10,36),  it  follows  that  the  range  factor  D  *  w^I  is  equal  to  the  product 
of  the  heating  value  of  the  fuel  (in  nechanical  units)  and  the  overall  efficiency 
of  the  air-breathing  engine: 

n.  (10.U2) 

A 

The  overall  efficiency  of  an  air-breathing  jet  engine  together  with  the  aero¬ 
dynamic  quality  and  the  relative  fuel  weight  ratio  V  ■  1  -  If  determine  the  flight 
range.  Here  H*  is  the  relative  structural  weight,  which  is  equal  to  the  ratio  of  the 
terminal  flight  weight  to  the  initial  weight. 


lUI 


The  ideal  thermal  efficiency  increases  with  an  increase  of  flight  speed, 
approaching  one : 

'  4+1  “ 


The  effective  thrust  efficiency  ( *Htyag^ef  determined  by  the  temperature 
ratio  0  and  the  gas  dynamic  factor  of  the  engine  K  (ratio  of  specific  heats).  The 
variations  of  thrust  efficiency  with  velocity  are  stated  in  Section  5  of  this  chapter. 

Here  is  an  example  of  designing  a  supersonic  ramjet  engine;  Ve  will  assxane  that 
the  flight  speed  is  equal  to  the  design  point  value;  ■  ^asch  “  ^  ^ 

An  •  2.11i.  We  will  assume  that  at  this  velocity,  the  pressure  recovery  of  the  dif¬ 
fuser  (which  must  be  determined  by  an  experimental  method)  (T^  ■  0,3,  The  flight 
altitude  H  •  2$  km.  According  to  the  ICAD  standard  atmosphere: 

18,6  mm  of  mercury  -  253  kg/m^j  Ty,  •  216,5®  K,  yj,  "  O.OU  kg/m^j  c  “  295  m/sec. 

Ve  will  find  the  thrust  parameters  of  an  engine  which  operates  on  kerosene,  if 
2.0j  Hy  ■  10,200  kcalAg»  The  midships  cross  section  Sp,  -  1  m^ 

p 

the  inlet  cross  section  -  0,9  m  ,  the  mass  flow  ratio  factor  ^  ■  1,  the  exit  cross 
section  of  the  nozzle  is  equal  to  the  midships  S|^  ■  The  nozzle  pressure  coeffi¬ 
cient  ■  0,9.  The  drag  coefficient  of  the  combustion  chamber  ^  *  3» 

The  stagnation  parameters  of  the  free  stream  flow  (Figures  201;  and  205)  are 


J, 

fl 


■  ^  —  1  .  J 


u 


1 


*+l  ■ 

r.  sie.6 


2.14» 


0.23S: 


0.238  0.238 

.  -  *  *•* 

— .  -•On)- It  0.238^ -0JM667; 

^ **  0.00667  ■* ® 3,8  abs.atm* 

The  MexlBin  possible  pressure  at  the  coabustlon  chanter  inlet  is 

P02  "  ^dPC3n  “  0.3*38*000  -  ll,li00  kg/n^  «  l.lii  abs.  atm. 

The  stagnation  enthalpy  of  the  free  stream  flow  is 

,  CpT^  0.24-2I6,5 

**  t(*,j  ~  0,230  kcal/kg. 

The  stagnation  enthalpy  of  the  combustion  products  is 

//•fcr  L  .  10200 


<|r-4.+ 


>218  + 


I+«i  ■  ■  1+214.8 


2184-333  651  kcal^cg. 

After  noting  that  the  pressure  ahead  of  the  exit  pq^-«!>1  kg/cm^  we  will  find 


the  stagnation  tenqperature  after  combustion  according  to  the  i  »  T  diagram  (see 
Figure  88): 


Tog  -  1»9200  K 


The  teiq>erature  ratio  is 


1820 


>2.11. 


Tu  909 

The  adiabatic  indicator  (ratio  of  specific  heats)  when  OC*  2  and  the  temperature  is 

1,920®  K  is:  k  •  1.312.  The  velocity  of  the  free  stream  air  is 

s>cM4»  296+ » 1180  ii^seo* 

The  air  flow  through  the  engine  is 

Oy  •  ^WnYnSl  •  1,180*0.0U0«0.9  -  )42.5  kg/sec 

The  fuel  flow  is 

0  •  ^  ■  1.U35  kg/sec 

The  flow  of  the  gases  through  the  exhaust  nozzle  is 

Qg  -  (l^  ♦  •  1*2.5  ♦  1.1*35  «*1*  kg/sec 

The  critical  velocity  of  the  oncoming  air  is 

the  critical  temperature  is  •- 

critical  pressure  is 


sec« 
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^  U+ 1  /  ^  “  1,89  “TieT*  “  *»/.«’-=0,603abs,  atizu 

The  critical  density  is 


Til*' 


PlVf 


6030 


RT^ 


i«a  29.3.756 


'  0,272  kg/m^. 


The  cross  section  of  the  diffuser  throat  is 


42,5 

“I  0,284  ES^. 


0,272*550 

We  vill  find  the  calculated  throat  cross  section  of  the  exhaust  nozzle  after 


substituting 


t 

/f 


>4«P‘ 


V-^crac 


1.0M.03  /27rr 
0,9 


0,284  =  0,476 


In  order  to  rule  out  the  possibility  of  expelling  the  final  (normal)  shock 
wave  from  the  diffuser  throat  in  the  event  of  a  change  decrease  of  flight  velocity 
or  an  increase  of  temperature  ratio  0 ,  we  will  make  the  critical  exhaust  cross  sec¬ 
tion  somewhat  greater  than  calculated: 

SUcr  "  0*500  m^ 

The  degree  of  nozzle  divergence  is 

0,5’“^'- 

We  will  find  the  relative  velocity  in  the  exhaust,  and  the  pressure  ratio  across  the 

r  * 

nozzle  by  the  graph  which  is  depicted  in  Figure  77:  ^**1.75;  m-»— — 10,3; 

■2,32. 

Jet  thrust  (see  2.90)  is;  sj. 

The  reactilon  force  of  the  exit  gases  is 


r 


/ 


2.3I2.29.5- 1920  ^  ^,'32  «  1.635  /I920*44*2,32  =  7300  kg* 
19,61,312 


I 

The  stagnation  impulse  of  the  stream  tube  flew,  when  f—1,  S^omSi  is 

^^,S09.«.5(2.m  + 

■*  «  5360  kg* 

Jet  thrust  is 

®  (^4  “• ®  7300  -  5360  -  253  <1  -  0.9)  «  1915  kg. 
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The  specific  thrust  is 


/- 


1915 


15^  sec* 


2,7  l/hr. 


^  O,  1,435 

The  specific  fuel  flow  is 

^  3600  3630 

The  dynasdc  head  is 

r  ‘  Ik 

'  f-y^l-0t7.2S3.4*-283Oljg/in2. 

The  thrust  coefficient  is 

t  1915 


=  0,677. 


Su^  2830 

Ve  will  carry  out  a  gas  4ynaizd.c  computation  of  the  combustion  chamber. 
The  stagnation  pressure  ahead  of  the  exit  nozzle  is 


/  Sl 

1/  +  t  Or 

i“) 


From  this 


r  HL* 

-1/  ^  ,0000  k^m2. 

r  \  2  /  9,3.1,312  0,5  ^ 

The  velocity  ahead  of  the  exit  nozzle  according  to  Figure  170,  is 

» 

.  >,>0,3!;  aOi)«=3,54. 

r  t 

The  relative  velocity  before  ccwibustion  is 

"  »(>;)-|>/|Va>-I.0M,03/2jI.3,64«5,37. 


'  ^ j*  —1  - 2,685—  /2,685»—  t 


r0,19& 


The  pressure  coefficient  for  combustion  is 

*(>^  f(^)_  5,37  0,195  0.W4  _q  ^ 
f(*,)“  3,54  0,31  0,96  “  *  * 

,  * 
The  pressure  recovery  for  the  flow  around  local  resistances  (flame-holders)  is 


3*f 

The  stagnation  pressure  at  the  diffuser  outlet  is 

lOOOO 

>  T  JL  1!^-.  "  10900. 


.0,287 


0,930, 

The  pressure  recovery  in  the  diffuser  is 

'  J8000 


somewhat  less  than  the  maidLmum  possible  value.  In  this  way  a  chosen  nozzle  matches 
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with  a  given  diffuser 


The  over-all  presstire  recovery  in  the  engine  is 

I  ^  287-0 .S3  0.985  0,9«0,m  .  . 

The  overall  efficiency  of  the  engine  is 

Afw  AteM.  1330-295-4  ^ 

\  mmt - M - m, - «0.35. 

'  ^  Hg  427-10200  * 

The  flight  range  with  a  relative  fuel  weight  ratio  X  ■  0.68  and  an  aerodynarlc 

& 

quality  (lift/drag  ratio)  k  ■  U  iss 

tr=eMIk\n- — =  295-4. 1330-4ln  =  7100  k-^, 

1—0,63  0,52 

Not  a  single  other  type,  of  engine,  only  a  supersonic  rariijet  engine,  icay  achieve 


a  similar  range  of  guided  active  flight  at 


SECTION  li.  COMPUTATION  OF  THRUST  PARAMETERS  OF  A  SUPERSONIC  RAMJET  ENGINE  AS  A 
FUNCTION  OF  MACH  NUMBERS 

The  thrust  parameters  of  a  supersonic  ramjet  engine  may  be  computed  not  by  using 
the  relative  velocities,  as  we  did  in  the  foregoing  paragraph,  but  by  the  Mach  numbers. 
This  last  method  of  computation  persists  in  American  literature.^ 

The  jet  thrust  of  an  engine,  as  is  known,  is  determined  from  the  difference 
between  the  i^alanced  pressure  forces  and  the  momentum  at  the  exit  of  the  engine  in 
/ta  \mdi§t^bed  flow* 

1 


I 


•  *1 

.  -^+pA-[^+pA)~p.lSt-s,). 


The  flow  in^ulse  (mass  flow  parameter)  in  any  section  is 


Ow 


-fp5=pS(l-i-AM*). 


since 


Qw  _  kvB*  _i.wi 

gpS  if  gkRT 


(10.U3) 


(lO.Ui) 


(lO.ii^) 


From  (lO.t^),  we  obtain 


ps~±^  SL, 
mV  I* 


^arsh,  B •  W .  and  Sears ,  G.  A.,  Introduction  to  the  Analysis  of  Supersonic  Ran. jet 
Potairplants .  ‘^et  Propulsion,  vol,  2li,  1951i,  No.  3. 

Avery,  W.  H.,  Twenty-five  Years  of  Ramjet  Development,  Jet  Propulsion,  vol. 

25,  Nov.  1955,  No.  11. 
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Substituting  for  static  temperature,  the  stagnation  temperature,  we  obtain 


/f«0 


RT, 


1+*M* 


|/*(*+l)M*(n.— M«J 


(10.ii6) 


The'  flow  ixpulse  (aiass  flow  parameter)  depends  on  the  gas  dynamic  function  of 
the  Mach  number 

/(M)- 


14*  AMS 


(10.h7) 


The  critical  impulse  of  the  gases,  irtiich  discharge  at  sonic  velocity  from  a 
convergent  nozzle,  is  found  after  substituting  M  «  1  in  (10. h6).  During  this 
‘  (M)  .  1.  - 

(lO.liS) 


After  using  (lOali?)  and  (10.1^8),  we  obtain 


After  coD?)aring  (10,U9)  and  (10.21),  we  find; 


(10.1i9) 


/(M)»ya(X).  (10.50) 

The  function  f(M)  represents  the  relative  increase  of  the  impulse  of  the  exhaust 
jases  during  the  use  of  a  divergent  nozzle,  in  which  the  flow  velocity  grows  from 
i  •  1  to 

The  critical  impulse,  which  is  related  to  the  air  flow  is  called  the  spe- 
clfic  impulse  (see  Chapter  VIII,  Section  U); 

The  critical  impulse,  ifcich  is  related  to  the  fuel  consunption,  is  called  the 
fma  specific  lyulgg  ^ 


(10.51) 


/ 


(10.52) 

(10.53) 


(10.5II) 


The  inpulse  of  the  eoch '  jt  gases  is  '  " 

The  ispulse  of  the  free  stream  flow  is  _ 

The  ratio  of  the  exhaust  cross  section  to  the  cross-section  of  the  enclosed 
flow  Sjj,  is  found  from  the  continuity  equation 


F-TS-97iiOA 


355 


»4T45;-pw.7A 

(  (10,54) 

A 

The  calculated  ratio  of  the  inlet  and  exit  sections  irtien  ■  Pji  and  Sjj  »  is: 

^mmf  xssBl/^  JL  Bl  1l  }!bL  JtL  -  ^  ^ 

«b  U  U  ^  V  *.  <  r.  M.  ^  •  (10-S7) 

Converting  from  the  static  temperatures  to  the  stagnation  ten?)eratures ,  we 


obtain 


1^)  =BJk  At 

\  h'i-H  IA4 


kfi,r^  2 

I  ,  ~  i  .,>> 

^  +  2 


(10.58) 


For  conplete  expansion  of  the  exhaust  gases  p|^  *  p^^,  jet  thrust  is  expressed  by 
a  simplified  formula 

|,r>— 

i  ^  ‘ 

After  substituting  w  ■  M*VgkRT,  G  -  w^S  and  Y  “  obtain 

■  \ 

(10,59) 

The  thrust  per  unit  area  from  (10,59)  and  (10,58)  is 


JBIsl - ? -  I . 

We  find  the  thrust  coefficient  Cj^  fr<Hn  (10,59)  and  (10,58) 


(10,60) 


/ 


(10.61) 


The  Hach  number  of  the  discharge  gases  is  less  than  that  of  the  free  stream: 

i  • 


W4  1 

Me  Ma 


-  ^  (Pei 

Ar~  *L\  P4 
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(10.62) 


SICTIOK  5.  AN  ANAUSIS  A  SUPERSONIC  RAMJET  ENGINE 

The  tfaarufft  paraieeters  of  a  st^ersoid-c  raajet  engine  R  ,  I^  and  the  overall 
•fficitticjr  are  detendned  hy  the  relative  flight  velocity  the  flight  altitude 

Si 

the  teiq>erature  ratio  0  ,  the  ratio  of  the  inlet  to  exit  sections  of  the  engine 
and  the  pressure  losses  through  the  engine  duct.  We  will  analyze  the  effect  of  each 
of  these  parameters. 

Flight  Speed.  First  we  will  consider  the  effect  of  the  flight  speed  at  constant 
tesperature  ratio  6  *■  const  and  when  H  «  const. 

[Xuro  Tr  1 1 1 ' 

fpumi  atfmt  ^ 

amm  JO) 

l«egeno.s 

a)  normal  shock  wave 

B)  oblique  shock  wave  + 

_  normal  shock  wave 

C)  two  oblique  shock  waves 
and  a  normal  shock  wave 

Fig.  182.  The  calculated  variation  of  pressure  recovery  in  a  diffuser  with  Mach  number. 

The  stagnation  tesperature  of  the  heated  gases  increases  with  an  increase  of 

fli^t  speeds 

^  n.  ••  .W  (10.63) 

*  *  •  ^ 

Mason’s  index  kg  decreases  due  to  the  increase  of  TQg,  and  the  function  x 
diminishes  while  the  function  ^  grows. 

The  overall  pressure  recovexy  0*^1^  decreases  with  an  increase  of  velocity  be*- 
cause  of  the  pressure  losses  in  the  diffuser  (Figure  162)  and  in  the  nozzle. 


The  gas  dynamic  coefficient  K  -  slowly  diminishes  with  an  increase  of  velo- 
city  due  to  the  decrease  of 

The  tiurust  coefficient  Cjj,  at  cwistant  temperature  ratio  0 ,  increases  with  an 
increase  of  velocity,  asynptotically  approaching  the  limiting  value. 


Jet  thrust,  at  constant  teaperature  ratio,  increases  approxltoately  in  direct 


proportion  to  the  square  of  the  Kach  number  for  an  increase  of  velocity. 


The  ideal  themal  efficiency  approaches  tifv^^cforcan-unlliri  increase  of  veloc¬ 


ity,  Vhen  IE  -I  ^ 


k  -  1 


(10.61i) 

The  effective  thrust  efficiency  at  first  diminishes  with  a  decrease  of  K  at 
constant  temperature  ratio  (see  Table  10,2), 

The  specific  thrust  of  a  supersonic  ramjet  engine  as  foUovrat  from  (9.1j3)  is 
directly  proportional  to  the  ratio  Ajj/*x  constant  tenqoerature  ratio  B  and  con¬ 
stant  value  of  the  fuel  v/hen  0  •  const,  ^tyae  *  const, 

vw+T)  Ac,  "-K 


H,  I,  ^  k- 


Jsss^ - 

4+1  A  ^ 


(10.65) 


since 


is.. 


\ 


\ 


asfiwr, 


./  WT, 


n2 

After  equating  the  first  derivative  of  the  gas  dynamic  function  Ajj  -  A.n  > 
with  respect  to  X^,  to  zero,  we  find  the  optimum  relative  flight  velocity  at  which 
the  specific  thrust  trill  become  the  greatest  for  constant  temperature  ratio  9: 

'  1 


FroB  this,  when  k  -  l.U 


(10.66) 


The  optimum  flight  Mach  number  is 

The  optimum  flight  speed  is  greater  than  the  speed  of  sound;  \  jj  opt^ 
the  s’obsonic  area  the  specific  thrust  of  a  ramjet  engine  increases  with  an  increase 
of  flLight  speed. 

The  maximum  value  of  the  specific  thrust  from  (10.65)  and  (10,66)  at  constant 
teiq;>erature  ratio  is: 
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/  ./TIT  #4  \ 

•“  r  aStf*«r.  A  M»~i)  r  •  ^'•*‘  (io,68) 

Wi«n  opt  “  1*73;  »  10,200  kcalAs  arid  •  295  B/sec;  Imy  * 

When  xK  «  0.92,  ^  ^5^  1,  “  1,  and  ^  »  3« 

r  sec, 

I  .%.a  T*  |(|_i)  a«.i  »  — 

The  heat  resistant  quality  ot  the  iiaterial  Ujnits  the  leaxinun  possible  heating 

tei^)erature  T^g. 

We  vill  consider  the  effect  of  the  flight  speed  upon  the  parameters  of  a  super¬ 
sonic  ramjet  engine  at  a  constant  temperature  TQg  *  const. 

The  teB?>crature  ratio  6  ,  when  Tq^  “  const,  diminishes  with  an  increase  of  velo¬ 
city  Xn  because  of  the  increased  stagnation  temperature  of  the  free  stream  flow: 

The  thrust  coefficient  decreases  to  sero  for  an  increase  of  due  to  the 
decreased  temperature  ratio.  When  xpxVe  -  1,  Cj^  »  0.  Hence,  the  limiting  flight 
Telocity  Xpr 


With  an  increase  of  the  permissable  temperature  TQg,  the  limiting  velocity 
frows.  Iben  jSxK  ■  1  and  ■  15,  then  Xpr**^*^  ^pr  ^0.  Such,  apparently, 

is  Uie  limiting  velocity  of  a  supersonic  ramjet  engine. 

The  specific  thrust  rt  constant  temperature,  TQg  *>  const,  is  found  from  (10.37) 
^\^8|kV«jnhl^ratioh.  (10.63)* 


-1 

S  +  I 

Jj 

l/-^.  f| 

►  *• 

Aftw  subsUtuting  a  »<«■'  after  a  eonyer- 

sicm  we  obtain 
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M 


<  (*«)  ~  ft  ( 


(10,71) 


it  a  certain  value  of  the  gas  dynamic  function  't(X,n)>  i«e*i  at  a  certain 

flight  speed  A.J,,  the  specific  thrust  of  a  supersonic  ramjet  engine  for  a  temperature 

T 

T(w  "  const  reaches  a  maximum  (Table  10,1).  Wien  — ^  «  8,  xK  »  0.92  and  ^opt  1*9. 

•  ®  *n  ^ 

Jet  thrust,  uhen  Tog  “  const,  passes  the  roaxiHium  and  falls  to  zero  vith  an  in¬ 
crease  of  velocity  in  accordance  with  the  condition  expressed  by  the  equation  (10.70). 
The  higher  the  velocity  values,  the  greater  is  the  temperature  Tq^. 

The  thrust  efficiency,  when  Tog  *  const,  passes  a  maximum  and  falls  to  zero 
together,  with  the  thrust  force,  with  a  variation  in  velocity. 

Table  10.1 

THE  DEPENDENCE  OF  THE  SPECIFIC  THRUST  OF  A  SUPERSONIC  PJVMJET 
EM3INE  UPON  THE  VELOCITY  Aj,  WHEN  H^  »  10,500  kcal/kg,  xK  - 


' -  'k 

1,4 

1.6 

l.« 

2.0 

2.1 

2,2  ^ 

t(l«) 

0,673 

0,557 

0,460 

0,333 

0.265 

0,194 

*•/ 

1.15U 

1,195 

1,222 

1,153 

1,081 

0,968 

( 


{  !<?0  i  1520  I  ISSC  i  I47G  j  i3d0  )  3235 

•— •<NtT-2.28  %ji-'('9«)o««T»=0.6f 

I  1790  1  1860  I  1900  i  1800  f  1680  |  1510 

i)rji«^.5S3 

i  1740  I  1810  I  1850  I  1750  |  1640  {  1470 

#-4  %j,-0.56 

I  1650  I  1710  !  1750  |  1650  |  1550  |  1380 

t:- 


5.38 

4,45 

3,68 

2,66 

2.12 

0,518 

0.546 

0.570 

0,606 

0,603 

’  / 

1525 

1670 

1780 

1790 

1670 

Tempera txire  Ratio.  The  effect  of  the  temperature  ratio  0  ■  at  constant 
flight  velocity  was  investigated  before  in  Chapter  IX.  The  conclusions  that  are  made 
remain  correct  even  when  X „  > 1 . 

The  thrust  and  thrust  coefficient  grow  with  an  increase  of  temperature  ratio 

I  Si 

^and  the  calculated  inlet  section  ratio  ^  decreases.  The  specific  thrust  I  and 
the  thrust  efficiency  reach  their  maximum  value  at  the  optimvim  temperature  ratio  6 
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(see  Table  10.2). 


(10.72) 


Hten 


•  i 

If  the  relative  velocity  has  an  optinun  value,  vhich  is  expressed  by  the  eqiia> 
tion  (10.66),  and  the  teii?>eratiira  ratio  also  has  an  optiinuro  value,  vhich  is  e^^pressed 
by  the  equation  (10.72),  then  the  specific  thrust  I  reaches  the  highest  possible 
vaue  of  ai  max* 


'■HXMX 


When  Ps5:  1 


,  /riKV.fcr/l 

\  8  U 

p/l~x»/Ca  j 

(10.73) 


For  an  ideal  ramjet  engine  xK  *  1  and  -  1.  Consequently, 

Va"-  (10.71.) 

This  is  the  limit,  to  vhich  the  specific  thrust  of  a  ramjet  engine  approaches 
uhen  the  losses  tend  toward  zero  and  the  temperature  ratio  0  approaches  one. 

Mien  k  “  l.l*j  A  •  l/Ii27j  c  •  295  «/sec,  and  Hy  »  10.500  KcalAg 

(4— 

Si 

The  Location  of  the  Center  Body  Diffuser  and  the  Inlet  area  Ratio  f  »  The 

inlet  area  ratio  and  the  location  of  the  center  body  diffuser  influence  the  air  flow 

and  in  this  way  determine  the  thrust  parameters  of  a  ramjet  engine. 

(Si ) 

The  hi^iest  value  of  l^e  inlet  ratio  ■  1.  The  lowest  value  may  be  zero 

/g  t  (SM)max 

^  ■  0.  In  this  case  the  flow  is  equal  to  zero:  Gy  ■  0  and  thrust  is  absent: 

T^min 

R  ■  0  (Figure  183), 

The  maxLmuw  possible  air  flow  Gy  <g^  is  equal  to 

^  (10.75) 

The  calculated  cross  sections  of  the  inlet  slot  Sg^^h  diffuser  throat 


P«^97liOA 


Sicr  are  determined  from  the  equation  of  continuity  for  the  maximum  possible  flow 
coefficient  ^  ■  1: 

I  '*nTr^l  “  '^shch'^shch(Sshch)rasch  “  '^lcr*3^1cr^^lcr^ra5ch 

The  actual  cross  sections  of  Sshch  and  Sicr  wust  be  always  greater  than  calcu¬ 
lated  in  order  to  compensate  for  the  partial  closing  of  the  slot  by  the  boundary  layer. 
An  increase  of  the  throat  section  of  the  diffuser,  >dien  the  location  of  the  center 
body  diffuser  is  fixed  and  at  a  given  velocity  •  const  and  given  inlet  cross  sec¬ 
tion,  does  not  influence  the  value  of  the  maximum  possible  flow  through  the  engine. 

The  cross  section  of  the  stream  tube  of  flow  and  the  configxiration  of  the  shock  waves 
does  not  change  during  this  increase. 

For  a  decrease  of  flight  velocity  or  a  forward  movement  of  the  center  body  dif¬ 
fuser,  the  leading  shock  wave  breaks  away  from  the  forward  edge  of  the  diffuser  (see 
Figure  iQhJo)  and  the  cross  section  of  the  stream  tube  of  flow  and  the  flow  coefficient 
^diminish.  If  the  flight  speed  is  given:  Xn  “  const,  then  the  flow  coefficient, 
and  together  with  it,  the  pressure  recovery  depends  upon  the  location  of  the  center 
body  diffuser.  The  location  is  determined  by  the  angle  0^^  between  the  lines  which 
connect  the  apex  of  the  spike  with  the  diffuser  lip  and  with  the  longitudinal  axis  of 
the  engine  (see  Figures  65b  and  l81i).  The  stream  lines  behind  the  leading  shock  wave 
are  approximately  parallel  with  the  spike  gen^atrix.,;  ifith  a-fbnrard^Bovenjent.'of  •’  ' 
the  center  body  diffuser,  this  angle  ©j.  decreases  and,  as  seen  from  Figure  18U,  the 
stream  tube  constricts  and  (f  diminishes.  The  system  of  shock  waves  which  appear  at 


1 


Fig. 


183. 


The  dependence  of  the  air  flow  through  a  supersonic  ramjet  engine  upon  the 
inlet  airea  ratio. 
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the  inlet  slot  varies,  and  the  pressure  recovery  becomes  less  than  the  maximum  possible 
Yftlue  (Figure  185).  For  a  backward  movement  of  the  center  body  diffuser,  in¬ 
creases,  a  8\q)er sonic  flow  enters  the  throat,  and  decreases  (Figure  185)*  The 
flow  coefficient  remains  constant:  1. 

The  location  of  the  center  body  diffuser  at  which  the  pressure  recovery  factor  bo- 
determined  experineatally.  It  usually  occurs  idien  the  leading 
shock  wave  falls  on  the  diffuser  lip  (see  Figures  l8J4a  and  l85b). 

For  a  calculated  location  of  the  center  body  diffuser,  the  air  flow  through  a 

Si 


supersonic  r  jet  engine  is  determined  by  the  inlet  area  ratio 


Sm 


With  an  increase 
Si 


Of  the  inlet  area  ratio,  the  calculated  throat  cross  section  of  the  nozzle  w--—  in- 
creases.  From  the  flow  equation  (2.71*)  and  with  cfi^sidejrsj^^n  of  (2*53) 


/*r+* 

2  j  kr  Rr  ‘ 


(10.76) 


Fig.  181».  The  dependence  of  the  flow  factor  upon  the  location  of  the  center  body 
diffuser. 

a  —  •  <4}  Cf-  ij  b  —  0^  <0^5  c  —  0^  ^  -  1 


When  k  -  l.Uj  kg  -  1.3j  and  «  1, 


,01 


/ 


/  ^£±1 

1/  2  A  /?  /ftr-f  . 


^3 
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Yftlue  (Figure  18^),  For  a  backward  icovewent  of  the  center  body  diffuser,  ®  j  in¬ 
creases,  a  s^qper sonic  flow  enters  the  throat,  and  CT^  decreases  (Figure  185).  The 
flow  coefficient  resiains  constant:  Cp«  1. 

The  location  of  the  center  body  diffuser  at  which  the  pressure  recovery  factor  bo- 
'dfa|lMrill0  Ue  determined  experiaenteUy.  It  usually  occurs  when  the  leading 

shock  wave  falls  on  the  diffuser  lip  (see  Figures  l81:a  and  l85b). 

For  a  calculated  location  of  the  center  body  diffuser,  the  air  flow  through  a 

Si 


supersonic  r  jet  engine  is  determined  by  the  inlet  area  ratio 


Sm 


With  an  increase 
Sl^rr 


of  the  inlet  area  ratio,  the  calculated  throat  cross  section  of  the  nozzle  in- 

Sm 

creases.  From  the  flow  equation  (2.7U)  and  with  c<»s:WjcgfSt4.bn  of  (2.53) ,'w^<ob1>ein 


St 


*r+* 

2  j  kr  R, 


(10.76) 


Fig.  l8i|a  The  dependence  of  the  flow  factor  i;:5X)n  the  location  of  the  center  body 
diffuser. 

a  —  ■  <4J  ^  c  —  6^  ^  -  1 


When  k  -  1.1*;  kg  -  1.3;  and  gh  ■  1, 


01 


/ 


»r-f» 
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mi 


^10  dn  m  m  m 

a) 


V  39  39  40  4!  42  43  0* 

fli 


Fig.  18$,  The  characteristics  of  a  supersonic  diffuser. 

a  —  the  dependence  of  the  prescure  recovery  upon  the  relative  dianeter 
of  the  center  body  diffuser. 

b  —  the  dependence  of  the  pressure  recovery  of  the  diffuser  upon  the 
location  of  the  center  body  diffuser. 

A)  of  center  body  diffuser. 

If  the  velocity  and  the  temperature  ratio  6  are  given,  then  at  a  certain 
value  of  the  inlet  f^  the  calculated  throat  cross  section  of  the  nozzle  be¬ 


comes  equal  to  the  midships  cross  section: 


Sj^cr 


1.  A  further  increase  of  the  in¬ 


let  area  ratio  may  be  accoir5>anied  by  forcing  out  the  normal  shock  wave  from  the  throat 
and  a  transition  into  a  "buzzing"  condition.  The  limiting  value  of  the  inlet  area  ratio 
fl  for  a  given  Xjj  and  6  is  determined  by  the  cqxiation  (10.76),  if  “  1. 

The  degree  of  6:q)ansion  of  the  exhaust  nozzle  £  may  not  become  greater  than  the 
ratio  of  the  middle  of  an  uncowled  engine  to  the  throat  cross  section  of  the  nozzle: 

With  an  increase  of  the  inlet  area  ratio  f^^  the  degree  of  nozzle  expansion  decreases 
and  together  with  it,  the  relative  /elocity  of  the  exhaust  gases.  and  the  pressure 


ratio  in  the  nozzle 


The  static  pressure  at  the  nozzle  inlet  edge  p^ 


increases  ^ee  Graph  77  and  formtila  (10.10j7» 

The  jet  thrust  at  first  increases  with  an  increase  of  the  inlet  area  ratio  due 
to  the  increased  air  flow  reaches  a  maximum  value  and  begins  to  diminish  because 

of  the  decrease  of  the  gas  dynamic  function  The  net  thrust  reaches  a  ma:<- 


>S4fej3|^at  a  sajMsahat  larger  inlet  ratio,  since  with  an  increase  of  the  external 

drag  of  the  diffuser  envelope  Xob  decreases.  The  value  of  the  inlet  area  ratio,  at 
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the  teaperature  ratio  6  ,  and  ixpon  the  losses  in  the  engine. 


The  specific  thrust  of  the  engine  at  a  constant  composition  of  the  mixture  o(  • 


const j  (as  follows  from  (9.3U)>  depends  on  the  relative  velocity  of  the  exhaxist  gases 

WJl 

The  velocity  increases  with  an  increase  of  the  degree  of  expansion  of  the  exhaust 
noxsle^  and  reaches  a  maxiinuiii  at 

The  ratio  of  the  inlet  to  exit  sections  ^  also  has  a  calculated  value  which  is  ex- 
pressed  by  the  equation  (lO.lli).  Consequently,  the  specific  thrust  is  maximum  for 
the  design  point  ratio  of  the  inlet  to  exit  sections. 

The  alniJBum  cross  section  of  the  inlet  is  determined  by  equation  (10 .lU).  At 
this  value  the  specifi<  'hrust  is  maxijuun.  The  maximum  permissible  inlet  cross  sec¬ 
tion,  at  which  a  ^buzzing"  condition  may  occur,  is  determined  by  the  equation  (10,76) 
under  the  condition  that  the  throat  cross  section  of  the  nozzle  merges  with  the  mid- 
^hsSL  «  1,,  If  the  heating  is  not  too  intensive,  the  “buzz"  mcy  occur 


^ipe  section: 

Si  Sii  I 

at  1,  The  relative  inlet  cross-section,  at  which  the  not  thrust  reaches  maximum, 

Tsi;Jr„ch  ^ 

(Si ) 

lAth  an  increase  of  Xn  vhen  6  *  const,  -rgrr-  decreases.  With  an  increase 


lias  between 


(Si) 


(Sl*)ra8ch 

of  flight  speed  when  9  »  const,  ^  decreases  insignificantly  due  to  the  de- 

4  r^jh 

^n 


crease  of  the  gas  dynamic  factor  S  •  .Uii.  When  Tgg  *  const  (or  when  c(.  ■  const)  with 
an  increase  of  X, 


‘n* 


\  1 

Tm 

dlKlnishes  'aid  the  inlet  area  ratio  grows,  gradually  approaching  ono. 

The  discussions  covered  in  this  pai*agraph  refer  to  a  series  of  engines  nhose 
cross-sections  and  inlet  and  exit  sections  have  design  point  values  for  any  flight  con¬ 
ditions  and  at  any  terperaturo  ratio,  while  the  pressure  recover'  is  at  the  maocLmum. 

An  engine,  the  cross-sections  of  ithich  may  be  controlled,  is  called  a  variable 
A  variable  geometry  engine  differs  from  an  optimum  engine,  since 


saxiBum,  depends  upon  the  flight  speed.  It  isVLh^i^I^t^y5''3c5oc?ii>l<^’*'t®’chc3gD.  the 

isnsio)*  iixfaccprdnwQr^  ctogo  oft -flight  speed. 

Usually  the  position  of  the  spike (or  cone) and  the  throat  section  of  the  nozzle 
is  controlled. 

The  regulating,  velocity ,  and  altitude  characteristics  of  a  supersonic  ramjet 
engine  differ. 

The  characteristics  may  be  plotted  for  a  variable  position  of  the  biillet  and 
adjustable  throat  section  of  the  nozzlcj  for  a  constant  position  of  tht  bullet  and 
adjustable  throat  section;  and,  finally,  for  a  fixed  geometry  of  the  engine.  In  this 
way,  the  characteristics  of  a  variable-geometiy  engine,  the  characteristics  of  a 
partially  variable-geometry  engine,  and  the  characteristics  of  a  fixed-geometry 
supersonic  ramjet  engine  differ* 

SECTION  6.  THE  REGUIATING  CHARACTERISTICS  OF  A  SUPERSONIC  RA  JET  ENGINE  WITH  A 
VARIABLE-GEOMETRY  NOZZLE 

The  regulating  characteristics  describe  the  dependence  of  the  parameters  of  a 
supersonic  ramjet  engine  upon  the  temperature  of  the  gases,  which  is  determined  by 
the  heat  liberation  in  the  combustion  chamber  (Figure  186).  If  the  engine  operates 
on  a  molecular  fuel,  then  the  heat  liberation  is  determined  by  the  composition  of  the 
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'  During  operation  on  a  laolecular  fuel^  the  control  of  heat  liberation  is  accom- 
iidied  by  Tarying  the  fuel  feed  Gj,  changing  the  fuel  feed  pressure,  or  by  changing 
3  manber  of  operating  injectors* 

nie  throat  uection  of  the  nozzle  is  controlled  so  that  the  air  flow  remains 
istant  and  equal  to  the  BaxUnim  possible  value 

d  the  flow  coefficient 'would  be  equal  to  one^  1. 

If  the  cross  section  of  the  nozzle  has  a  calculated  value,  which  is  deterndned 
the  equation  (10.76),  then  the  pressure  recovery  will  have  the  maximum  possible 
Lue  for  a  given  diffuser  at  a  given  velocity  (see  Figure  182). 

With  an  increase  of  the  temperature  ratio  6  and  with  a  decrease  of  the  pres- 
re  coefficients  and  ff’g  the  calculated  throat  cross  section  of 

8  nosz?.e  increases.  If  -  3-U  then  during  a  variation  of  the  temperature 
tio  fron  the  optiioum  value  >  2*3  to  the  maxiiauin  possible  on  a  hydrocarbon 

el  whan  oL-  1  and  6,^^  ■  U>  the  calculated  throat  cross  section  of  the  nozzle 


creases  approxinately 

The  control  of  a  supersonic  ramjet  engine  within  a  wide  rangfi^  •  temperatures 
quires  a  variation  of  the  nozzle's  throat  cross  section  by  less  than  one  third* 

The  coiqputation  of  the  regulating  characteristics  of  a  supersonic  ramjet  engine 

I 

th  a  variable-geonetry  nozzle  is  carried  out  in  the  following  order:  the  velocity, 
Ig^t  altitude,  and  nature  of  the  fuel  are  given.  A  diffuser,  tMch  will  insure  the 
^est  pressure  recovery  CT^  at  a  given  fli^t  speed,  is  chosen*  The  enthalpy  of 

10  stagnation  flow  Iq^^  - _ —  is  coiq>uted  and  the  stagnation  temperature  Ton  is 

>und  according  to  the  i->T  diagram* 

A  series  of  air  excess  ratios  CX.  is  given  and  the  enthalpy  of  the  combustion 
oducts  is  <totex*mined. 


/  t-Vh 


times* 


4^=41  + 


^afer 

l+ai* 


The  stagnation  tefl5>0raturQ  of  the  ccanbustics:  products  is  found  by  the  i-T 
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dlAgraiR  for  the  corresponding  coir.position  of  the  udxtnre  and  the  pressure  P03.  The 
combustion  efficiency  is  obtained  by  the  experimental  characteristics  of  the  combus¬ 
tion  chamber* 


Poisson’s  index  found  with  the  aid  of  the  u-T  and  i-T  diagrams,  (see  Figures 

^  V  M  ^  e. 


90  and  92)  is: 


Without  considering  disassociation,  k  may  be  found  by  graph  66.  After  deter- 
mining  kg,  the  functions  x,  X  »  ^  calculated. 

The  relative  velocity  at  the  chamber  inlet  X2  is  determined  by  the  degree  of 

S2 


■v^f fuser  expansion 


Slcr 


(Figure  18?) , 


The  velocity  at  the  inlet  to  the  combustion  chamber  w  ■  ax^2*  Reynolds 

W2d2 

number  of  the  flow,  in  the  forward  portion  of  the  engine  iss  Re  «  — • 

The  coefficient  of  local  resistance  ^  is  determined  by  the  Re-number  and  the 
chamber  design. 

The  air  flow  through  an  engine  with  a  variable  geometry  nozzle  is  constant  and 
docs  not  depend  on  the  fuel  feed:  G  ■  const  and  W2  *•  const.  The  local  pressure 


To» 

The  temperature  ratio  increases  with  the  enrichment  of  the  Hiixt,ure:  6  »  — 

TOx 

The  relative  velocity  before  exhaust  in  accordance  with  (8.31),  increases 
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witift  an  increase  of  heating.  The  pressure  coefficient  decreases  during  combustion 

The  stagflation  pressure  ahead  of  the  discharge  from  tae  nozzle,  cdmlnishes  vith 
an  increase  of  heating: 


•On) 


The  throat  cross  section  of  the  nozzle  S^^j.  increases  in  conformance  with  (10.76) 
during  an  increase  of  heating  0  ,  If  the  exhaust  cross  section  of  the  nozzle  is 
constant,  then  the  degree  of  nozzle  expansion  £  =  —  and  the  relative  velocity  of 


cr 


the  discharge  gases  decrease  with  an  increase  of  heating  while  the  pressure  at 

the  exhaust  section  pj,  ■  ,  increases. 

IT  ttd 

The  velocity  of  the  exhaust  gases  w|^  increases  vith  an  increase  of  heating  6 
owing  to  the  increased  temperature  Tq^  ■  0  Tq^: 

Jet  thruat  R  and  the  thrust  coefficient  Cg  grow  with  an  increase  of  heating; 

The  stagnation  inpulse  of  the  free  stream  flow  does  not  depend  upon  the  tenper- 
ature  ratio  when  using  a  variable-geometry  nozzle. 

The  impulse  of  the  exhaust  gases,  at  low  temperature  ratio,  becoines  equal  to 
tbs  stagnation  inpulse  of  the  free  stream  flow  idiile  the  thrust  force  falls  to  zero. 

The  specific  thnist  of  a  supersonic  ramjet  engine  at  first  increases  during  a 
decrease  of  the  fuel  flow  and  then  reaches^  maximum  at  optimum  heating 

During  a  subsequent  decrease  cf  heating  from  ft  ■  specific  thrust  falls  to 

sero. 

If  the  flight  speed  is  less  than  calculated,  additive  wave  drag  appears. 
The  effective  thrust  is  equal  to 


•r 


effective  thrust,  relative  to  a  unit  of  fuel  consiunption,  is  called 
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the  effective  specific  thrust  (specific  impulse)  Igi*: 

’•*  a,  • 

The  effective  specific  thrust  (specific  impulse)  reaches  maximum  at  a  somewhat 
greater  temperature  ratio,  i.e.,  at  lower  air  excesses,  than  does  the  specific  thrust 
I,  since  the  difference  of  *  ®n^  “  ^dop  diminishes  quicker  with  a  de¬ 
crease  of  &  than  does  the  difference  of  “  Pn^^it  “  ^n^* 


SECTION  7.  THE  REGULATING  CHARACTERISTICS  OF  A  SUPERSONIC  RAMJET  ENGINE  WETH  A  FIXED- 
GEOMETRY  NOZZLE 


If  the  engine  is  equipped  >dth  a  fixed-geometry  nozzle  •=  const  and  = 

const,  then  when  TqIi  <  Tqj^  0j.asch  pressure  ahead  of  the  exit  nozzle  Pq^  will  be 
determined  by  the  stagnation  temperature  of  the  combustion  products  TQg  (see  10.17). 

The  nozzle  throat  cross  section  must  be  chosen  sc  that  during  the  highest 
tesperature  for  which  the  combustion  chamber  is  calculated  Tog  pressure 

P03  remains  less  than  the  maximum  possible  value: 


/>•!  <  Wtf 


H 

*  <M  * 


The  relative  velocity  of  the  gases,  which  discharge  from  the  fixed-geometry 
nozzle,  is  constant:  ■  f^  ^  ■  const j  z(  Xj|)  •  const.  The  discharge 

(S|^cr) 


velocity  wl|  increases  in  proportion 


to-\rv 


/  .  %  . 

‘  i 

The  pressure  at  the  nozzle  exhaust  edge  p^^  increases  with  the  growth  of  TQg 
due  to  the  decrease  of  presstu’e  Pq^:  _ _  ^ 


Pv 


Pvifix.  _ 


c  «  ■ 

since  the  normal  shock  wave  moves  from  the  diffuser  exhaust  section  ^ic  3^7  to 
its  throat  with  an  increase  of  the  temperature  TQg  and  ^  increases  because  of 
the  decreased  losses  from  the  normal  shock  wave. 

For  a  temperature  ratio  at  %rtiich  the  pressure  Pq^  has  a  maximum  possible  value 
i.e.,  ®  “  ^rasch*  parameters  of  engines  with  variable  and  fixed-geometry  nozzles 
match.  At  the  other  temperature  ratios  the  parameters  of  a  fixed-geometry  engine  are 
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lower  than  those  of  a  variable  gtometry  engine.  For  a  temperature  ratio  that  is 

than  calculated^  the  pressure  ahead  of  the  nozzle  reaches  its  maxlinuin  possible 

wine  P03  -  ffi  <r«  C,  Po„  and  the  discharge  of  the  gases  decreases  in  inverse  propor- 

tioo  to  'V  Tqjj  until  the  "buzzing”  actually  appear*.  is  constant  in  a  controllable 

engine.  When  9  >  ^rasch  thrust  of  a  fixed-geometry  engine  is  less  than  that 

of  a  Tariable-geometry  one>  due  to  the  decreased  air  flcnr  rate. 

If  then  the  pressure  in  a  fixed-geometry  engine  decreases  and 

the  degree  of  nozzle  expansion  £  ■  and  the  relative  exhaust  velocity  Xh  remain 

constant.  At  the  same  time,  as  the  pressure  before  the  exhaust  in  a  variable-geometry 

engine  remains  constant,  the  nozzle  throat  section  decreases,  the  degree  of  ejqpansion 
Si 

6  ■  yJi.  increases  and  together  with  it,  the  relative  velocity  of  the  exhaust  gases 
Sltcr 

grows.  Therefore,  the  thrust  of  a  variable-geometry  engine  is  greater  than  of  a 
fixed-geometry  one  vdien  the  heatings  are  less  than  calculated  6  •<  ®  rasch  *5®ca^se 
the  velocity  of  the  exhaust  gases  is  greater  in  the  foirmer  than  in  the  latter.  The 
thmst  of  an  engine  with  a  constant-area  nozzle  falls  to  zero  idien  the  heating  ] 

decreases,  and  during  larger  heatings  (during  lesser  o(  )  than  those  of  an  engine  with 
a  variable-geometry  nozzle. 

The  specific  thrust  of  an  engine  with  a  fixed-geometry  nozzle  is  equal  to  that 
of  an  engine  with  a  variable-geometry  nozzle  when  0  »  ^rasch’  all  re¬ 

maining  heatings,  the  specific  thrust  of  an  engine  with  a  fixed-geometry  nozzle  is 
less  than  that  of  an  engine  with  a  variable-geometry  nozzle.  The  specific  thrust 
of  an  engine  with  a  fixed-geometry  nozzle  goes  past  the  maximum  value  and  falls  to 
#0*0  at  much  richer  mixtures  (at  lesser  OC  )  than  does  an  engine  with  a  variable- 
geometry  nozzle. 

Tho  increase  of  the  specific  thrust  I  and  the  thrust  coefficient  ddifejaaifiiablt 

the  noMle ’geonstry,  ’  depend  on  the  ratio  of  the  actual  heating  to  the  design 

heating  -  and  on  the  flight  speed. 

®ra8ch 


F-TS-S^ijOA 


371 


SECTION  8.  THE  VELOCITY  CHARACTERISTICS  OF  A  SUPEHSOi'IIC  RARJET  ENGINE 

During  a  Yariation  of  flight  speed  the  relative  pressures,  temperatures, 
and  densities  in  the  shock  waves  (see  Figure  39,  UO,  1*1,  and  1*2)  change  as  do  the 
incidence  angles  cK  of  the  shock  waves  (see  Figtire  1*3)*  The  critical  velocity  in  the 
diffuser  throat  and  the  stagnation  parameters  in  the  combustion  chamber  of  a  super¬ 
sonic  ramjet  engine  change,  and  together  with  them,  the  thrust  parameters  of  the  engine. 

It  is  possible  to  select  for  each  flight  speed  a  diffuser  which  offers  the  high¬ 
est  pressure  recovery  the  optimum  heating  &opt>  which  the  specific  thrust  of 
the  supersonic  ramjet  engine  reaches  its  highest  value,  and  finally,  the  location  of 
the  center  body  diffuser  and  the  throat  section  of  the  exhaust  nozzle  at  which  the 
shock  waves  focus  on  the  inlet  edge,  T.hilc  the  pressure  in  the  cbmbustdon' 


The  dependence  on  the  flight  speed  of  the  parameters  of  a  series  of  optimum 
engines,  for  which  the  pressure  recovery  (Td*  the  cross  sections  Sj  and  tenpera- 

1  tuore  ratio  9,  and  the  other  parameters  have  an  optimum  value,  are  called  the  velocity 
characteiLlstics  of  optimum  engines.  If  it  were  possible  to  manufacture  an  engine  with 
a  variable-geometry  diffuser  and  nozzle,  then  its  velocity  characteristics  at  the 
same  tempera tiu*e  ratio,  would  be  comparable  with  the  characteristics  of  a  series  of 
optimum  engines. 
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tha  velocity  characteristics  of  a  trupersonic  ramjet  engine  iTith  a  fixed 
geoaetiy  for  a  certain  calculated  flight  speed  have  a  comoan  point,  while  at  all 
other  speeds  they  lie  below  it*  Therefore,  the  velocity  characteristics  of  a  vari- 
eble-geometry  engine  present  an  interest  as  those  representing  the  upper  limit  for 
f  jbcedUgeometry  or  partially  variable  ^metry  engines* 

The  Velocity  Characteristics  of  Optimum  Engines  (Figure  I88a).  For  the  calcu¬ 
lation  of  the  velocity  characteristics  of  a  series  of  optimum  engines,  a  series  of 
fiighit  speeds,  for  example,  Mach  numbers  2,  3,  U,  and  5  are  selected,  and  for  each 
Mach  number  the  most  suitable  diffuser  which  offers  the  maximum  pressure  recovery 
(T ^  is  selected.  V/hen  K^l*5  a  diffuser  with  a  normal  shock  wave  at  the  inlet  is 

V 

osoally  chosen*  When  M^2  a  diffuser  with  a  system  of  oblique  shock  waves  is  select¬ 
ed*  The  selection  of  a  diffuser  represents  the  most  painstaking  portion  of  the  cal¬ 
culation,  since  it  is  necessary  to  test  a  series  of  diffusers  which  have  various 
numbers  of  shock  waves  and  various  flow  rake  angles  for  each  of  the  velocities  given. 
The  design  of  a  multi-shock-vave  diffuser  may  be  accomplished  as  was  stated  in  Chapter 
IV.  Experimental  data  about  diffusers  are  stated,  for  example,  in  the  work  of  Ferri 
and  Nucci.^  The  design  velocity  characteristic  of  diffusers,  which  offer  the  maximum 
possible  pressure  recovery  at  any  speed,  is  depicted  in  the  graph  in  Figure  182.  The 
cr,  gH  ror  «loclt,  ar,  detained  b,  .  expert^nUl  ^aph.  For  a 

fli^ot  with  a  design  point  velocity  for  a  given  diffuser,  the  shock  waves  are  focused 
on  its  forward  edge*  Then  the  cross  section  of  the  stream  tube  flow  is  equal  to  the 
cross  section  of  the  inlet:  With  an  increase  of  velocity  the  air  flow  in¬ 

creases  in  direct  proportion  to 

an  increase  of  An  the  gas  dynamic  function  q(Xn)  quickly  diminishes  and 

^Icr  /  \ 

the  calculated  throat  section  —  decreases  in  accordauce  with  (10,?}  and  the  inlet 
area  ratio  ^  increases  (10. ll:)  %Aien  ^  ■  const  or  Tog  "  const. 


Farri  and  Jhicci,  mCA  Rep.,  No.  1189, 


During  a  decrease  of  the  pressure  recovery  in  the  diffuser  l5~ the  air  in  the 

throat  Beens  to  be  less  compressed  and  the  calculated  section  increases. 

The  relative  velocity  in  the  outlet  section  of  the  diffuser  ^2  found 

by  Figure  18?  (10.6).  With  an  increase  of  flight  velocity  ^2  ttlrcinishes  due  to  the 

increase  of  the  ratio  . 

Slcr 

The  pressure  coefficient  increases  during  the  flow  ai'ound  the  local  resistances 
(flame  holders)  (T with  an  increased  initial  velocity  because  of  the  decrease 
of  A.2  • 


The  temperature  of  the  combustion  products  TQg,  is  determined  from  the  i~T  die.- 
gram  and  is  dependent  iipon  the  stagnation  enthalpy  iog»  Tog  increases  with  an  in¬ 
crease  of  velocity  due  to  the  increased  stagnation  enthalpy  of  the  free  stream  flow 


^On 


n 


The  temperature  ratio  for  a  constant  composition  of  the  rcixtiire  o(  «  const 
or  for  a  constant  temperature  of  the  combustion  products  TQg  *  const,  decreasej  , 
with  an  increase  of  flight  speed:  0  2St'(\n^* 

The  relative  velocity  after  combustion  which  is  expressed  by  the  equation 

decreases  with  an  increase  of  flight  speed  due  to  diminishing  tenperature 

ratio  0  and  the  relative  velocity  Xp»  The  pressure  recovery’rfo^  6o3ibUStibn  'Cf  ' 

Sc  5^ 


The  total  pressure  recovery  of  the  engine  0^^,  diminishes  with  an  increase  of 

speed  due  to  the  rapid  increase  of  losses  in  the  diffuser  and  nozzle,  although  the 

lo-'^al  losses  and  losses  during  combustion  decrease. 

The  design  throat  section  of  the  nozzle  diminishes  with  an  increase  of 

5 

(10,?6),  The  degree  of  nozzle  expansion  £  ■  _  and  the  relative  velocity  of  the 

Sjicr  ^ 

exhaust  gases  increase  with  the  growth  of  The  latio  does  not  depend 

X  h  ^ 

on  the  velocity  in  an  ideal  ramjet  engine:  “1.  In  an  actual  supersonic  ramjet 

X 

engine  the  ratio  at  first  diminishes  with  an  increase  of  velocity  due  to  the  rapid 

decrease  of  CT^  and  (Tg,  then  passes  Jfha.’ ffiiniiiiiira  and  Increases  ic/inbly  .duO  to 
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the  decrease  of  Poisson’s  index  k  of  the  conibustion  products  (Table  10,2). 

o 


Table  10.2 


THE  DEPENDENCE  0?  THE  PARAMETERS  OF  OPTIMUM  SUPETGONIC  RAMJET 

ENGINES  ON  THE  FLIGHT  SPEED 


I 


l.s 

2.0. 

2.1 

2.2 

2.3 

Mg 

1.72 

3.16 

3,72 

4,56 

6.2 

5.2 

46,8 

i  105 

316 

1950 

1.33 

1.35 

1.33 

1,32 

1.31 

for*K 

m 

Koa 

ICC3 

2:00 

33:0 

n.87 

0,41 

0.24 

0,13 

0.00 

K 

0.«7 

0.935  ; 

0.93 

0.94 

0,97 

tMT  ! 

1.7 

2.2 

2.3 

2.2 

1.84 

% 

0.375 

0.667 

0,735 

0.807 

0,871 

(V)«n 

0.36 

0.63 

0,615 

0.63 

0,71 

W  _ _ _ 

0.228 

0.42 

0.45 

0.51 

0,62 

-  *  '■ 

\ 

The  thrust  quickly  increases  with  an  increase  of  the  flight  speed,  pass¬ 
es  the  maxljnum  and  then  falls  to  zero  when  pred  losses  of  tem¬ 

perature  ratio  and  the  pressure  recovery  decrease  in  the  diffuser  and  nozzle  CT^  and 
0”8» 

The  specific  thrust  I  grows  with  an  increase  of  velocity  passes  the  maxiinuffi 
when  Xn  *  Ajj  Qpt,  and  falls  to  zero  together  with  the  thrust. 

The  overall  efficiency  of  a  supersonic  ramjet  engine  increases  at  first  with 
the  increase  of  the  velocity, then  passes  a  najcLmun  and  begins  to  diminish. 

The  Velocity  Characteristics  of  an  Engine  with  a  Given  Diffuser  and  a  Variable- 
Geoaetry  Nozzle,  The  diffusers  of  engines  are  usually  fixed  geometry  ones.  The  in¬ 
let  section  of  a  fixed-geometry  diffuser  is  constant:  ■  const.  Pressure  recovery 

depends  on  the  flight  speed.  It  is  possible  to  select  a  diffuser  which  will  produce 
the  highest  pressure  recovery  when  the  design  flight  speed  Kjj  «  ^asch*  speeds 

that  are  lower  than  calculated  (M^  <  the  diffuser  will  produce  a  lesser  pres¬ 

sure  recovery  than  a  diffuser  which  is  designed  for  a  given  velocity:  <3" (j  “^^rasch* 
Kt  off -design  velocities  the  flow  factor  decreases:  <i  1  and  additive  wave  re¬ 

sistance  X^op  app'*irs.  Therefore,  at  velocities,  idiich  are  less  than  calculated 


P-TS-5>7i40A 


375 


(Kn<  ^■’‘rasch)j  a  supersonic  rau.jet  engine  with  a  fixed-g jor,otr>  cif fuser  vill  have  a 
lover  thrust  coefficient,  specific  thrust,  and  total  efficiency  than  those  engines 
vhich  have  diffusers  designed  for  a  given  velocity  (compare  curves  *a'  and  *b’  in 
Figiire  188) , 

We  will  exandne  in  greater  detail  how  a  supersonic  ramjet  engine  vdth  a  given 
diffusei  operates  in  off-design  velocities.  If  the  velocity  is  less  than  design: 

<”  then  the  incidence  angle  of  the  shock  waves  increases  (see  Figure  l80h) 

and  a  portion  of  the  air,  which  was  compressed  in  the  last  oblique  shock  wave,  is 
directed  past  the  inlet  slot  of  the  diffuser:  the  f?ou'  coefficient  Cj*  diminishes. 

The  flow  rake  angle  CO  proves  to  be  less  than  required  to  obtain  the  maximum 
pressure  increase  during  stagnation.  The  coefficient  will  bv  less  than  for  an 
optimum  selection  of  flow  rake  angles,  and  the  pressure  in  the  combustion  chamber 
turns  out  to  be  less  than  the  possible  maximum.  In  order  to  eject  all  the  gas  in 
the  combustion  chamber  vhich  can  pass  through  the  diffuser  throat  for  a  given  pres¬ 
sure  drop,  it  is  necessary  to  either  decrease  the  temperature  of  the  combustion  pro¬ 
ducts  or  to  increase  the  nozzle’s  throat  sectxon 

Dxiring  acceleration  an  engine  usually  operates  at  a  state  of  maximum  thrust  at 

a  possibly  large  temperature  TQg  *  max,  i.e.,  when  (X  «  1,  In  order  to  avoid  "buzz- 

Sn 

ing"  at  a  given  diffuser  inlet  area  ratio  fi  *  an  engine  may  be  started  at  such  a 

Sm 

Mach  number  at  >rtiich  has  a  maximum  possible  value  (for  example  • 

Sjj)  at  ^niax  ■  !)•  During  further  acceleration,  the  throat  section  of  the  nozzle 

(S)  ) 

must  be  decreased,  but  remain  greater  than  the  minimum  value  at  vMch  the 

normal  shock  wave  still  remains  in  the  diffuser.  The  pressure  ahead  of  the  nozzle 


has  a  maximum  possible  value  with  a  given  diffuser  and  a  given  If  during  accelera¬ 
tion  will  be  insufficient  for  the  passage  of  the  hot  gas,  then  the  tennin.el  noi'- 
mal  shock  wave  is  expelled  from  the  diffuser  duct  and  will  be  located  in  front  of  the 
inlet  slot,  "buzzing"  occurs,  and  the  operation  of  the  combustion  chamber  may  fluc¬ 
tuate. 

The  Velocity  Characteristics  of  a  Fixed-Geometry  Engine.  At  off-design  conditio 
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engines  ■vfi'bh  fixed-geonetry  noz'^les  h^ve  poorei’  parameters  th.n  do  engines  nhose 
tiiroat  sections  may  be  varied  (see  Figure  l8‘^c)«  In  order  to  decrease  the  velocity  at 


which  the  operation  of  the  engine  becomes  unstable,  the  exit  throat  area  ratio  of  the 
engine  is  made  larger  (up  to  one)  and  the  irJ.et  area  ratio  — is  made  less  than 

Sjf 

one*  Then  at  the  beginning  of  independent  operation  when  CX  ®  1,  the  pressure  aiiead 


of  the  exit  pQ^  is  close  to  the  maximum  possible  values  Pq^«^  ^ggPon* 

With  an  increase  of  flight  soeed,  the  pressui*e  recovery  of  the  diffuser  O'  will 

d 

be  decreased  and  become  lo.Ter  than  in  an  engine  which  is  designed  for  maximum  pressure 


recovery,  Ho\.ever,  the  engine  tluust  will  be  sufficient  to  overcome  the  frontal  drag 
of  the  device,  and  the  specific  thrust  will  prove  to  be  several  times  greater  than 
that  of  a  ZhRD  ^iquid-fuel  rocket  engin^  For  this  reason  the  use  of  vr^iable-geora- 
etry  supersonic  ramjets,  in  certain  cases,  is  more  advisable  than  that  of  liquid-fuel 
rocket  engines*  Hie  use  of  a  variable-geometry  nozzle  may  increase  the  thrust  and 
economv  of  an  engine  bv  more  than  2$%,  However,  for  various  types  of  flight  vehicles 
with  short  flight  ranges,  such  an  increase  of  econony  does  not  justify  the  construc¬ 
tion  complications  and  weight  increase  that  are  inevitable  with  the  addition  of  a  vari¬ 
able-geometry  nozzle.  Therefore,  in  self- accelerating  missiles,  which  are  intended  for 
short  and  medium  flights,  the  use  of  fixed-geometry  supersonic  ramjet  engines  with  c'>n- 
vergent  diffusers  and  fixed-geometry  nozzles  having  large  openings  may  prove  to  be  more 
advisable  (see  Figure  178d), 

Single-regime  engines,  which  are  intended  for  flight  at  a  constant  velocity  at 
a  single  altitude,  should  be  equipped  with  an  optimum  diffuser  and  a  fixed-geo metiy 
nozzle,  which  are  designed  for  a  cruising  flight  speed.  At  this  speed  their  param¬ 
eters  arc  comparable  to  the  parameters  of  a  totally-  variable  geometry  engine. 


SECTION  9*  ALTITUDE  CHARACTERISTIGS  OF  A  SU?ERSONIC  RAMJET  ENGINE 

The  altitude  characteristics  are  defined  as  the  dependence  of  the  parameters 
of  a  supersonic  ramjet  engine  during  constant  speed  (Mj^  »  const)  and  a  ''onstant  mix¬ 
ture  composition  (0<  »  const)  upon  flight  altitudes  (Figure  189 )» 

With  an  increase  of  flight  altitude,  the  air  flow  -iirough  the  engine  varies  in 


direct  proportion  to  the  atmospheric  pressure  p^  at  a  given  altitude  H,  and  in  inverse 
proportion  to  the  square  root  of  the  ambient  temperature  Tj^: 


For  a  flight  in  the  stratosphere  Tjj  const,  and  the  flow  depends  only  on  pn. 

The  fuel  n.o;7  rata  ~  when  Mn  *  const  and  ■  const  is  directly  propor- 

^  aL 

tional  to  the  atmospheric  pressure 

f 

^  cL  aL  y  PJu  * 

The  fuel  flc.;  rata  diminishes  with  an  increase  of  flight  altitude  H, 

The  thrust  coefficient  Cj^  and  the  specific  thrust  of  the  engine  I  increase  in¬ 
significantly  during  an  increase  of  the  flight  altitude  up  to  the  stratosphere  due  to 
the  increased  temperature  ratio  since  0  diminishes. 


(i  +  «t)cpr.  *. 


During  a  flight  in  the  stratosphere  Cr  and  I  remain  constant.  The  frontal 
thrust  of  the  engine  vaiies  in  direct  proportion  to  Pj^: 

The  pressure  in  the  combustion  chamber  dimirlshes  in  direct  proportion  to  p^: 


Pn—^M^mPtu  —  Pu 


w(X„) 


The  pressure  recovery  factor  in  the  diffuser  O'jj  does  not  depend  on  the  flight 


altitude  H. 


a;  Cr.  r 


i 


I  const 

I  — -f-ydW&w 


>"—1.1  e. 


I  I  ^^Cmpamoapepa 


Legend: 

a)  diminishes 

B)  Troposphere 

C)  StratosphoTi 


■’ig.  189*  The  altitude  characteristics  of  a  supersonic  ramjet  engine  when  *  const 
and  «  const . 


During  a  pressure  drop  in  the  combustion  chamber  the  dispersion  of  the  fuel 
deteriorates,  the  drops  become  larger,  and  the  jet  v'dens*  The  heat  exchange  between 
the  drop.s  and  the  air  deteriorates  because  of  the  decrease  in  density.  Therefore- 
the  evaporation  and  combustior.  of  the  drops  in  the  combustion  chamber  is  slowed  during 
an  increase  of  flight  altitude  and  the  combustion  efficiency  drops.  The  combus¬ 
tion  chambers  of  engines  that  are  intended  for  high-altitude  operation  imist  be  equipped 
with  special  devices  that  improve  carburation  and  intensify  combustion. 

At  very  high  altitudes  the  pressure  in  the  combustion  chamber  falls  so  low  that 
the  evaporation  and  combustion  of  a  common  hydrocarbon  fuel  becomes  impossible. 

The  greater  the  flight  speed  Mj^,  the  greater  the  pr^sasurd  Tatio' increase' in  '  ’ 

the  combustion  chamber  and  the  greater  the  altitude  to  which  the  absolute  pres- 

fhi 

sure  in  the  combustion  chamber  retains  a  value  that  is  sufficient-  for  rapid  and  com¬ 
plete  combustion  (Figure  190).  At  a  flight  speed  *  6  and  *  0.29  the  pres¬ 
sure  in  the  combustion  chamber  does  not  fall  below  0.9  kg/cra^  even  at  an  altitude 
that  exceeds  I4O  km. 


SECTION  10.  THE  tJSE  OF  SUPE2RS0fD[G  RAMJET  ENGINES 

At  high  supersonic  flight  speeds  (Mn>  3*0),  ramjet  engines  develop  a  highei 
specific  thrust  than  do  all  other  types  of  engines.  Their  frontal  thrust  is  suffi¬ 
ciently  great  to  overcome  the  aerodynamic  drag  of  the  flying  vehicle.  Infonnation 
about  several  important  flying  vehicles  with  supersonic  ramjet  engines,  as  printed 
in  the  foreign  press,  is  stated  below. 

Winged  Long-Range  Missiles  The  American  firm  —  North  American  —  developed 
a  project  of  an  intercontinental  supersonic  winged  missile,  the  "Navaho",  which  is 
propelled  by  supersonic  remjet  engines  (see  Figure  21).  The  flight  speed  %  * 
2.9-3*0  at  an  altitude  of  more  than  19,000  m.  The  design  flight  range  is  8,000  km. 
The  guidance  of  the  missile  is  accomplished  by  '^:ronaTRi^tiontflsethodl^''dThe'ipay-  '  * 

load  is  sufficient  vo  carry  heavy  atomic  and  hydrogen  bombs  from  one  certinent  to 
another^ , 

Gardner,  G.  W.  H,  Guided  Hisfiiles,  Engineering,  Nov.  26,  199U. 

Voprosy  raketnoy  tekhjdkl  ^"oblems  of  Rocket  Technology*  1996,  No.  1. 


Fig.  190.  The  dependence  of  the  Uniting  flight  altitude  of  on  actual  supersonic 
ramjet  engine  upon  the  Kach  nui.-.lior  A.’hch  the  given  pressure  in  the 
combustion  chamber  po2  “  const. 


Supersonic  Fighters  The  French  designer  Rene  Leduc’.is  engagedaforpseveral 
;cloping:*.a  sti|>ersc>nic  fight^lntesceptioi^, '  ,  The  take-off  veight  of 
the  aircraft  is  almost  six  tonsj  the  diameter  of  the  engine  is  2.28  m.  The  aircraft 
starts  with  the  help  of  small  turbo-jet  engines  installed  on  the  wing  tips  or  is 
carried  to  a  high  altitude  by  a  mother-aircraft.  The  supersonic  interceptor,  which 
is  intended  f^r  flights  at  varying  altitudes  and  at  varying  speeds  should  be  equipped 

N 

with  a  multiple  regime  engine  having  an  accelerating  diffuser,  a  two- stage  combus¬ 
tion  chamber  (pilot  and  main  burners),  and  a  variable-geometry  nozzle.  The  diffi¬ 
culties  which  appeared  during  the  creation  of  such  an  engine  were  so  great  that  the 
development  of  Leduc*s  aircraft,  the  flight  tests  of  which  began  in  1952,  is  still 
not  finished.  The  experimental  models  still  fly  with  subsonic  speeds,  although  the 
shape  of  the  center  body  diffuser  in  the  diffuser  inlet  shows  that  the  design  velo¬ 
city  lies  between  *  2.5  and  Mjj  “  3» 

Fighter  a.. craft  with  supersonic  ramjet  engines,  carried  on  mother-aircraft  and 
launched  into  the  air  at  the  far  approaches  to  defended  targets,  may  serve  to  inter¬ 
cept  supersonic  piloted  and  pilotless  bombers  and  missiles  of  the  "Navaho"  type.^ 


[merTcan  press  published  in  the  year  1957,  the 


work  on  the  ’’Wavaho'*  project  was  interrupted  in  order  to  increase  the  design  speed. 


^Sutton,  G.  P,,  History,  Problems,  and  Status  of  Guided  Missiles,  Jet  Propul¬ 
sion,  vol.  25,  1955,  No.  jii. 
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Projects  of  piloted  interceptor  aircraft^  propelled  i..  rairijet  engines  with 
^ivergent  supersonic  diffusers,  were  developed  in  19li3-19Ui  by  Senger  (see  Figure 
177)  and  Lippisch  in  Germany.  Their  projects,  as  was  mentioned  in  Chapter  IX,  were 
not  translated  into  reality. 

1 


Fig.  191.  An  experimental  aircraft  —  the  Leduc  010  with  a  multiple  regime  supersonic 
ramjet  engine. 

Antiaircraft  Missiles  Supersonic  ramjet  engines  may  also  be  used  to  propel 
the  second  stage  of  guided  and  unguided  antiaircraft  missiles  (Figure  192). 

Th.  missile  starts  under  the  action  of  a  PRD  ^Solid  Fuel  Rocke^  or  a  ZhRD, 
which  is  installed  in  the  first  stage.  At  the  moment  when  the  fuel  contained  in  the 
first  stage  bums  out  the  missile  has  successfully  gained  the  altitude  and  develops 
the  speed  that  is  necessary  for  the  operation  of  the  supersonic  ramjet  engine. 

Figxire  192a  shows  a  photograph  of  the  English  antiaircraft  missile  "Thor”,  taken  at 
the  moment  the  booster  rockets  are  released.  The  second  stage  continues  to  gain  al¬ 
titude  and  speed  under  the  action  of  the  supersonic  ramjet  engine. 

Owing  to  the  fact  that  supersonic  ramjet  engines  have  a  significantly  higher 

I 

specific  thrust  than  do  rocket  engines,  the  duration  of  the  powered  flight  of  the 
second  stage,  propelled  by  a  supersonic  rair.jet  engine,  is  several  times  greater  than 
for  a  missile  of  the  same  weight  propelled  by  a  liquid  fuel  rocket  engine. 

Several  English  firms  manufacture  antiaircraft  missiles,  the  second  stages  of 
which  are 'propelled  by  supersonic  ramjet  engines. 

In  England,  apart  from  the  "Thor"  missile  mentioned,  the  Napier  firm,  in  order 
to  study  free  8iq)0r8onic  flight,  built  the  NR-Jl  rocket  ^fsic,  missile^?  with  a  super¬ 
sonic  ramjet  engine.  This  vehicle  was  equipped  with  a  simple  divergent  diffuser,  and 
started  with  the  aid  of  four  pairs  of  solid-fuel  rockets  wnich  surrounded  the  engine 
body  (Figure  192b).  The  length  of  the  rocket  is  6.1  m  ari  its  diameter  is  O.U$  m. 
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Fig.  192.  Guided  missiles  with  supersonic  ramjet  engines. 

a  —  the  English  guided  missile  "Thor"  with  a  supersonic  ramjet  engine 
at  the  moment  the  starting  rockets  release,  b  —  an  English  guided 
missile  of  the  Napier  firm,  c  —  the  American  winged  antiaircraft 
missile,  the  "Bomarc**. 

Another  English  rocket  with  two  supersonic  ramjet  engines  from  the  Bristol  firm  was 
first  demonstrated  at  the  Famborough  Air  Show  in  195U.  The  design  velocity  of  the 
rocket  /sic  --  missile7  was  equal  to  twice  the  speed  of  sound. 

Rockets  /sicy  of  a  similar  type  are  also  developed  in  the  USA,  for  example  tae 
XSAM  N-6  "Talos”,  "Cobra"  (M  “  2),  and  others. 

A  second  stage  equipped  with  wings  is  able  to  fly  a  greater  distance  than  a  wing- 
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S3  rocket  of  the  same  weight.  The  American  guided  antiaircraft  missile  laanufactured 
the  Boeing  and  Marquardt  firms,  the  IM-99  "Bomarc"  (Figure  192c),  belongs  to  the 
nily  of  two-stage  winged  rockets  The  length  of  the  missile  is  20  m,  the 

igspan  11  m,  the  weight  },660  kg,  the  speed  M  »  2.5,  the  ceiling  is  18,300  m,  and 
0  range  is  80  km.  The  "Bomarc"  missile,  >Mch  is  intended  for  the  interception  of 
;ray  aircraft,  is  guided  by  radio  command.  Its  armament  consists  of  the  GAR-98  air- 
•air  missiles.  The  missile  takes  off  under  the  action  of  an  Aerojet  liquid-fuel 
ket  engine.  Two  Marquardt  supersonic  ramjet  engines  located  under  the  fuselage, 
installed  in  the  second  stage. 

Winged  antiaircraft  rockets  of  the  “Bomarc”  type,  located  on  a  launch  pad  in 
vicinity  of  the  defenued  target,  are  capable  of  overtaking  enemy  aircraft  from 

4 

t«ver  side  they  qiproach  the  target.  Wingless  antiaircraft  rockets  Trith  liquid- 
rockets  of  the  "Niko"  type,  the  range  of  wliich  is  almost  20  ki%  must  be  arranged 
I  ring  around  the  defended  target,  since  their  range  is  too  short  to  intercept 
e  aircraft  which  spproach  the  target  from  the  opposite  side  (see  Figure  lii), 
Air-to-Air  Type  Missiles.  Supersonic  ramjet  engines  liave  been  successfully  used 
he  primary  engines  in  air-to-air  type  missiles.  The  "Orion"  missile  of  the  Martin 
is  an  exai«?)le.  The  take-off  weight  of  the  missile  is  680  kg,  the  flight  speed 
•  3>  and  the  range  is  32  km.  The  missile,  which  is  launched  from  an  aircraft, 
qiiipped  with  radio  guidance  and  a  homing  system  control.  It  is  intended  to  dr$- 
eneiry  bombers. 
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CHAPTER  XI 


ATOMIC  RAMJET  ENGINES 

Those  ramjet  enginesj  in  which  the  heating  of  the  air  is  accomplished  by  a  con¬ 
trolled  fission  reaction  of  atomic  nuclei  in  an  atomic  reactor,  are  called  atomic  ram¬ 
jet  engines.  An  atomic  reactor  is  substituted  for  the  combustion  chamber  of  an  or¬ 
dinary  ramjet  engine,  which  operates  on  a  molecular  fuel  (Figure  193)  • 

As  was  mentioned  in  Chapter  I,  t\TO  methods  of  heat  exchange  betr/een  the  atony- 
ic  reactor  and  the  air  are  fundamentally  possible;  direct  heating,  in  viiiich  the 
air  floi.'s  through  the  reactor  (see  Figure  7a),  and  heating  >d.th  the  aid  of  an  inter¬ 
mediate  heat-transfer  agent  (see  Figure  7b).  In  the  latter  case,  a  liquid  heat-trans¬ 
fer  agent  flows  through  the  reactor  and  in  a  special  heat  exchanger  transfers  the  heat 
obtained  to  the  axr.  Helium  under  very  high  pressure^or  molten  metals;  sodium, 
potassium,  and  others,  may  serve  as  the  heat-transfer  agent  for  jet  engines . 

The  exact  computation  and  design  of  reactors  represents  a  special  section  of 
atomic  power  engineering  which  requires  special  training.  From  the  viewpoint  of  an 
aircraft  engineer,  an  atomic  reactor  is  a  heat  liberating  and  heat  exchanging  unit, 
which,  in  order  to  be  suitable  as  an  energy  source  for  aircraft,  must  have  a  weight 
and  dimensions  which  do  not  exceed  certain  permissible  limits.  From  this  viewpoint 
we  will  consider  the  present  problem,  limited  by  the  scanty  information  about  these 
reactors • 


SECTION  1.  A  SUMMARY  OF  INFORMATION  ABOUT  ATOMIC  REACTORS 

A  fission  reaction  of  the  atoms  of  u233^  u235^  or  Pu239^  which  takes  place 
under  the  action  of  neutrons,  is  used  to  obtain  atomic  energy. 

During  fission  the  nucleus  of  a  radioactive  substance,  after  having  captured  a 
neuti'on,  splits  into  two  smaller  nuclei  of  spproximtely  equal  mass  and  into  a  number 
of  neutrons;  for  exarple, 

vn.  (11,1) 

Here  the  symbols  Ai  and  A2  indicate  the  atomic  weights  of  the  fission  products, 
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Legend: 

A)  Reactor 

B)  Pilot’s  cabin 


Fig.  193*  A  schematic  of  an  atoidic  aircraft* 

vhich  vary  vithin  the  limits  of  72  to  162.  The  symbol  V  indicates  the  average  num¬ 
ber  of  neutrons  formed  during  fission.  For  uranium-23$:  ^  -2.5. 

The  total  mass  of  the  fission  products  is  less  than  the  mass  of  the  fissioned 
atom  with  a  captured  neutron: 

The  loss  or  "defect"  of  the  mass  is  apparently  equal  to 

— At — yiu 

Experience  shows  that  for  the  fission  of  11^35,  the  average  mass  defect  is 
^  n  9*  0,21  ana.  One  anu  is  an  atomic  saAs  unit..  . 

The  mass  "loss"  is  transformed  into  energy  which  is  released  during  fission. 
The  fission  energy  is  Joxmd  from  the  mass  defect  by  using  Einstein's  equation, 
consider!^  .that  an  atondc.  mAss..uai^4a^^^1W^1.66  •  10”^^  g  «  1.66  •  10*^^  » 


3*13  *  10“^  ergs. 


,  £«r*A««(310“)*  0,21.I.661(r*«=ai31d~<jerg8. 

# 

In  atomic  p  wer  engineering,  the  energy  of  the  particles  is  usually  expressed 
in  electron  volts  and  mega-. lectron- volts  (ev  and  mev).  The  charge  of  an  electron  is 
^q^al  to  1.6  •  10*^^  coulombs.  Consequently, 

1  ©V  -  1.6  •  lO"*^^  coulombs.  1  v  »  1.6  •  10"^^  joxiles  "  1.6  •  10“^  ergs. 
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1  mev  =  10^  ev  =  1,6  • 


l.c  •  10“^^  jouj.es  =  1.6  *  10“*^  kilo^xaLi.  soco;;ui 


-  0.2U  •  1.6 

1  amu  “  l.h9 
The  fission  energy  is 

E  ■  0*21  anni  •  O.3  * 


.  10-16  0.38U  •  10“16 

*  10“^  ergs  «  931  Jnev. 

10-3  ergs  ■  200  mev  • 

3’10l3 


kilowatt  seconds 


1  kilowatt  »  •  10^6  mev  «  0;^^  ,  lO^^p^  3  .  iol3  fissions  per  second. 

1^  sec  200 

The  fission  energy  is  distributed  between  the  fission  products  approximately 


as  follows: 

lue  energy  of  the  fission  f  r:  G  -  -ts.  .  nearly  166  m.  ' 

The  energy  of  the  fission  neutrons .  ” 

The  energj  of  'y  radiation . . .  "  10" 

The  energy  of  the  electrons  and  their  accompanying 

neutrinos . .  *  I8  * 


The  number  of  atoms  which  are  contained  in  one  kg  of  uranium-235  is  equal  to 
M  ■  23'^°*i^^^j^Q-2lI  *  ^*^6*10^^  atoms.  Consequently,  the  energy  of  1  kg  of  uranium- 
235  that  is  released  during  complete  fission  is:  Hy235  *  2.56  •  10^^  •  200  mev  ** 

512  •  lO^U  •  O.38U  •  10-16  .1.96  •  lolO  Real,  i.e.,  12^4 -  1.87  •  lO^  times 

Ic  j  j'OO 

greater  than  the  combustion  of  benzine.  In  other  words,  the  complete  fission  of  1 
g  of  uranium  235  releases  almost  as  much  energy  as  does  the  combustion  of  2  tons  of 
petroleian  products. 

The  neutrons  ^rfiich  are  released  during  fission  promote  the  fission  of  new  atoms 
of  the  active  substance  and  support  a  continuous  or  even  a  growing  atomic  chain  re¬ 
action  . 


The  fission  neutrons  move  with  very  high  velocities.  By  assuming  that  the 
average  energy  of  each  fission  neutron  is  equal  to  -  2  mev  *  2  •  1,6  •  10”6  ergOj 
and  that  the  mass  of  the  neut’^’on  =  1,66  •  10  g,  vre  find 


I  =  1/" — -»210*cVsec  = 

1  V  V  J.66.10-M 

*=  20  (KX)  kn^sec . 

The  probability  of  capturing  these  fast  neutrons  by  the  atoms  of  uranium-235 


(ll.Ii) 
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i8  mall.  Therefore,  a  larger  portion  of  the  fission  neutrons  penetrate  the  snail  bar 
^  of  uranius>-235  snd  fly  out,  Trithout  pro«^ucing  new  fission*  In  order  to  bo  sure  that 
the  neutrons  are  absorbed  by  the  fissionable  substance,  its  mass  mist  not  be  less  than 
the,  so-called,  ”critical"  values  on  the  order  of  1  kg.  In  a  quantity  that  is  less 
than  critical,  uraniun-23^  is  safe*  FoUowing  the  rapid  ipproach  of  two  bars  of  ura- 
nium-235,  the  mass  of  each  of  which  is  somewhat  greater  than  half  of  critical,  an  atom¬ 
ic  explosion  occurs*  The  uncontrolled  explosive  fission  reaction  is  used  in  the  atom¬ 
ic  bomb* 

Ai  atomic  reactor  is  a  system  in  which  a  controlled  atomic  reaction  by  moderated 
neutrons  takes  place.  The  deceleration  of  the  neutrons  is  acconplished  for  the  foUovr- 
ing  reasons:  the  probability  of  catching  a  slow  neutron  by  the  active  substance  is 
greater  than  for  the  fast  ones;  the  reaction  of  slow  neutrons  does  not  develop  as  un¬ 
controllably  as  for  fast-  neutrons  and  the  reactor  is  easier  to  control,  i*e*,  a  reactor 
operating  with  slov/  neutrons  is  easier  to  control  and  is  not  so  explosively  dangerous* 

The  neutrons  released  In  fission,  or  in  other  nuclear  reactions,  move  and  col¬ 
lide  with  the  atomic  nuclei* 

Three  forms  of  nuclear  interaction  with  neutrons  are  known:  scattering,  na¬ 
ture,  and  cqjture  leading  to  fission. 

Oiring  the  collisions  which  lead  to  scattering,  the  magnitude  and  directions  of 
the  velocities  of  the  neutron  and  nucleus  change,  in  accordance  v.-ith  the  lars  of  col¬ 
lision  of  elastic  balls*  Thus,  during  a  direct  collision  of  a  neutron  with  the  nucle¬ 
us  of  a  hydrogen  atom  (a  proton  the  mass  of  which  is  approximately  equal  to  the 

mass  of  the  neutron,  the  neutron  conpletely  loses  its  velocity.  The  proton  that  was 
stationary  before,  no’-r  begins  to  move  with  a  velocity  that  is  equal  to  the  initial 
velocity  of  the  neutron*  Therefore  the  laomentiun  remains  constant.  During  a  collision 
with  a  nucleus,  the  mass  of  which  is  many  times  greater  than  the  mass  of  the  neutron, 
the  velocity  of  the  neutron  changes  cnl:’’  in  direction  juid  the  magnitude  of  the  veloc¬ 
ity  remains  practically  constant. 

On  the  basis  of  the  lairs  of  the  conservation  of  energy  and  of  motmentum,  it  is 

3Q9 
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possible  to  prove  that  the  relative  energy  loss  of  the  neutron  during  &  collision 
vith  a  nucleus  vith  a  mass  M  is  equal  to  _ 


LE  4Mm 


(11.5) 


>iiere  m  is  the  mass  of  the  neutron,  equal  to  one  atoraio  jnass  unitk 

The  lover  the  atomic  weight  of  a  substance  A  *  the  better  it  will  slow  down 

neutrons • 

During  the  collisions  which  lead  to  capture,  the  neutron  penetrates  the 

nucleus,  forming  a  nev;  isotope  of  the  given  element  TJhich  is  usually  unstable  — 

radioactive.  For  exan.ple,  during  the  exposure  of  hydrogen  to  neutrons,  deuterium 
2 

is  produced: 

!f$iirine'hr'<^i>Ziision  resulting  in  fission^  the^imcleus-Tdiicf,  .captures  .  c  ■ 
^W'ricut^n  splits  into  two  fragments  with  the  release  of  two  or  three  new  neutrons. 
The  interaction  of  the  neutrons  with  the  nuclei  is  quantitatively  characterized 
by  the  so-called  cross  section  qf  the  nucleus « 

The  cross  sections,  which  characterize  the  probability  of  a  neutron  collision 
with  an  atomic  nucleus,  are  not  equal  to  the  geometric  cross  section  of  the  nucleus. 


^®iarn  serves  as  a  measurement  for  the  cross  sections  of'>atoinic-'imclei:'' 

1  bam  *  10”^^  cm?, 

(We  will  recall  that  the  diameter  of  an  atomic  nucleus  is  on  the  order  of  10”'^ 


cm.) 


The  cross  sections  of  scattering  capture  and  fission  are  not 
equal  to  one  another.  All  these  values  are  determined  experimentally  (Table  11.1). 

The  cross  sections  are  complex  velocity  functions  of  the  neutron  orelacities  or 
jy^heif  kinetic  energies,  which  are  usually-  expressed  in  election  volts. 

Elements  used  as  neutron  moderators  in  atomic  reactors  have  low  capture  cross 
sections  since  they  absorb  less  neutrons ); and  low  atomic  weight  A,  since  for  each 
collision  of  a  neutron  ^dth  a  nucleus,  the  more  significant  are  its  energy  losses, 
the  less  the  mass  of  the  target-nucleus  differs  from  the  mass  of  the  neutron  (see 
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•qiufttion  11 .5)  •  After  «  series  of  collisions  with  Jihe  nuclei  of  the  moderator,  the  re~ 

which: the 

arerage  kinetic  energy  of  the  thermal  movement  of  the  surrounding  molecules.  From 
the  viewpoint  of  the  amount  of  the  energy  losses,  hydrogen  is  an  ideal  moderator. 

Table  il.l 


CROSS  SECTIONS  FOR  THERMAL  NEUTRONS 


Element 

D 

Z 

Cross  section 
in  bams 

1  0/ 

1 

ifydrogen 

H 

1 

i 

38 

0,33 

0 

D^terlum 

D 

2 

1 

0.00046 

0 

Beryllium 

B« 

9,01 

1 

7 

O.GtO 

I  0 

Boron 

B 

10.8 

5 

4 

750 

0 

Carbon 

C 

12 

« 

4.8 

0,0045 

0 

Oxygen 

0 

18 

8 

4,2 

0.0002 

0 

Iron 

F* 

SS.85 

26 

11 

2,43 

0 

Cadulun 

Cd 

;i2.4 

48 

7 

2400 

0 

Uranium  23$ 

u 

23? 

92 

8.2 

650 

549 

Uranium  238 

u 

238 

02 

8,2 

2,8 

Plutonium 

Pn 

239 

.  04 

— 

.1025 

664 

/ 

i 

*For  fast  neutrons  (Tf >  0,  since  uranium-238  fissions  under  the  action  of  fast  neutrons. 

However,  it  absorbs  neutrons  with  the  formation  of  heavy  hydrogen  —  deuterium  D.  The 
capture  cross  section  of  hydrogen  is  not  large.  Therefore,  hydrogen,  in  conjunction 
with  oxygen,  is  used  as  a  moderator  in  nuclear  reactors.  Heavy  vfater  D^Q,  beryllium 
Be,  and  carbon  C  in  the  form  of  graphite  are  also  used  as  moderators,  uj^gen,  owing 
to  its  coBq)aratively  heavy  atorJ.c  weight,  slows  neutrons  poorly.  However  the  absorb- 
ticn  of  neutrons  by  oxygen  is  insignificant.  Therefore  the  presence  of  oxygen  in 
connection  dth  such  moderators  as  hydrogen,  deuterium,  or  beryllium  does  net  disn^t 
the  operation  of  a  reactor.  Stationary  reactors,  the  weight  and  dimensions  of  which 
are  not  is^vori^t,  usually  have  graphite  as  a  moderator. 

An  fftosde  reactor  is  represented  by  an  assembly  of  fissioiidjla'.arMbj^anco  ^nd  a 
moderator,  surrounded  by  a  neutron  reflector  and  a  shielding  layer,  and  which  is 
equipped  with  control  rods  and  ducts  for  the  coolant  vFicure  19ii). 
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There  are  heterogenous  and  homogeneous  rear^tors.  In  heterogeneous  reactors  the 

m 

Tiasionable  substance  is  prepared  in  the  form  of  individual  blocks  —  the  heat  liber  - 
ating  (fuel)  elenients  (Figiire  195)  are  located  inside  the  moderator  blocks  (graphite, 
beiyUiTun)  or  submerged  in  ordinary  or  heavy  T?ater  (Figure  196).  Tubes,  through  which 
the  air,  water,  or  liquid  metal  coolant  flows,  are  laid  out  through  the  boiler.  Reac¬ 
tors,  the  active  rods  of  which  are  submerged  in  w-^ter,  are  called  “submerged”  or 
"swimming  pool”  reactors.  Cooling  is  accomplished  by  the  circulation  of  the  v/ater. 

In  this  way,  the  viator  serves  simultaneously  as  a  moderator  arid  as  a  cooln  it. 

In  homogeneous  reactors,  the  atoms  of  the  active  substance  are  uriifonnly  distrib¬ 
uted  between  the  atoms  of  the  moderator,  (graphite  for  example)  (Figure  19h)*  One 
homogeneous  reactor  is  the,  so-called,  boiling  reactor  or  boiler  (Figure  197)  in  which 
a  uranium  salt  (lurai^l  nitrate,  for  exarrole)  serves  as  the  active  substance.  The  salt 


Legend: 

A)  U238  shell 

B)  a  mixture  of  U^3o 

with  gr^hite 

C)  Helium  ducts 

D)  JVom  the  puii?> 

E)  To  the  heat  ei^changer 

F)  Coolant  collector 


So  that  a  continuous  atomic  reaction  may  be  developed  in  the  reactor,  the 


avsrage  number  of  neutrons  which  (ply  Tin  iheikeactor,  must  remain- constant . 

« 

Each  fission  releases  y  neutrons.  A  certain  portion  of  them  is  absorbed  by 
the  uranium-235  without  provoking  fission.  so-eia^led,- radiative ^o’^tua^e  oboursrac- 

cempanied  only  by  '^-radiation.  The  average  number  of  neutrons  which  are  released 


after  the  capture  of  a  single  neutron  is  equal  to 


where  is  the  ratio  of  the  radiative  capture  and  fission  cross  sections. 


(11.6) 

For 


\u*anium-235 :  oC  •  0,19j  “  2.1, 


There  are  heterogenous  and  homogeneous  reactors.  In  heterogeneous  reactors  th(j 
fissionable  substance  is  prepared  in  the  form  of  individual  blocks  —  the  heat  liber  - 
ating  (fuel)  elements  (Figure  195)  are  located  inside  the  moderator  blocks  (graphite, 
beryllium)  or  stibmerged  in  ordinary  or  heavy  water  (Figure  196),  Tubes,  through  \7hich 
the  air,  water,  or  liquid  metal  coolant  flows,  are  laid  out  through  the  boiler.  Reac¬ 
tors,  the  active  rods  of  which  are  submerged  in  water,  are  called  "submerged”  or 
"gwimmlng  pool"  reactors.  Cooling  is  accomplished  ty  the  circulation  of  the  ivater. 


In  this  way,  the  'water  servos  sijraultaiieously  as  a  moderator  and  as  a  coolant. 

In  homogeneous  reactors,  the  atoms  of  the  active  substance  are  uniformly  distrit 
uted  between  the  atoms  of  the  moderator,  (graphite  for  exairple)  (Figiirc  19li),  One 
homogeneous  reactor  is  the,  so-called,  boiling  reactor  or  boiler  (Figure  197)  in  which 
a  uranium  salt  (urai^l  nitrate,  for  example)  serves  as  the  active  substance.  The  salt 
is  dissolved  in  wat:^  and  serves  as  the  moderator^ 

. i 

\ 
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Legend: 

A)  0^38 

B)  A  mixture  of  8^38 

with  graphite 

C)  Helium  ducts 

D)  Firom  the  puup 

S)  To  the  beat  e3(changer 
F)  Coolant  collector 


Fig.  19l|,  A  schematic  of  a  homogeneous  reactor, 

So  that  a  continuous  atomic  reaction  may  be  developed  in  the  reactor,  the 
average  number  of  neutrons  which  <iply 'in  iheiJroactor,  must  remain- consiaint .  '  • 

Each  fission  releases  V  neutrons,  A  certain  portion  of  them  is  absorbed  by 
the  uranium-235  without  provoking  fission  F  s<>-<^ed,-ra^ativ^  ^e=^trre'ocoiira,-ac- 

coipanied  only  by  “^-radiation.  The  average  number  of  neutrons  »rtiich  are  released 
after  the  capture  of  a  single  neutron  is  equal  to 


I  -f-  a 


(11,6) 


where  o<  is  the  ratio  of  the  radiative  capture  and  fission  cross  sections.  For 
uranium-235:  o(  ®  0,19i  “  2,1, 
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A  portion  of  the  fast  fission  neutrons  are  captured  ty  the  nuclei  of  uraniun- 
238,  Tfhich  is  alway  contained  in  a  mixture  of  uranium  isotopes  and  causes  their 
fission.  The  relative  increase  of  the  number  of  neutrons  resulting  from  the  fission 
of  the  uraniu]0-*23'->  nuclei  is  called  the  fast  fission  (r  'iltinlicrtion)  const r-nt 
For  natural  uranium,  this  value  somewhat  exceeds  one. 

A  proportion  of  fission  neutrons  is  being  captured  by  the  urani\in>-238  nuclei 
•without  causing  fission.  The  probability  of  avoiding  resonant  capture  is  designated 
by  p.  For  natural  uranium  p  ■  0.9* 

A  portion  of  the  fission  neutrons  is  absorbed  by  the  nuclei  of  the  moderator  in 

the  slowing  down  process.  The  probability  of  avoiding  absorbtion  in  the  process  of 

slowing  down  to  "thermal"  velocity  is  called  the  thermal  utilization  factor  f • 

The  probability  L  of  avoiding  leaks  through  the  surface  of  the  reactor  in¬ 
creases  with  an  increase  of  the  volume  per  unit  of  surface,  i.e.,  with  an  increase  of 


the  linear  dimensions  of  the  reactor. 


Fig,  196.  A  schematic  of  a  heterogeneous 
"submerged"  or  "swimming  pool" 
reactor , 

L^eiKit  a)  ikjtive  zone. 


Fig,  197,  A  schematic  of  a  boiling  water 
reactor  —  a  "boiler" , 

Legend:  A)  <7ater  output 
B)  Water  input 


F-TS-97L0A 


393 


The  ratio  of  neutrons  >ihich  remain  in  a  reactor  after  leakage  and  other  losses 


to  each  original  fast  neutron  is  called  the  effective  multiplication  factor 

(11.7) 


In  order  that  the  reactor  develops  a  continuous  fission  reaction,  the  effective 
multiplication  factor  must  be  eqi:sal  to, or  greater  than, one: 

I 


i  I 

The  difference  is  called  the  reactivity  of  Wie  reactor .  A  reactor^  whose 

reactivity  is  somet.hat  greater  than  zero,  is  called  critical .  If  one  gradually  accu¬ 
mulates  blocks  of  nuclear  fuel  and  moderators  in  a  pilc^  then  the  dimensions  of  this 
pile  win  become  critical.  This  name  pile  —  "kucha”  (incorrectly  translated  by  the 
word  •'kotel"<^)is  used  in  reactor  terminology  in  American  literature.  The  achievement 
of  criticality  is  made  known  by  the  sharp  increase  of  reactor  radiation. 


(11.8) 


SECTION  2.  THE  NEOTRON  FLUX  AND  THERMAL  POVJER  OF  A  REACTOR 

The  quantity  of  heat  irtiich  is  released  in  a  reactor  every  second  is  called  the 
thermal  power.  The  thermal  power  of  a  reactor  Nq  is  usxially  expressed  in  kilowatts: 

1  kw  «  O.2I4  Kcal/sec  ■  0,62$  •  10^6  mev/sec. 

The  thermal  power  per  unit  of  the  reactor's  weight  is  called  the  specific 

I 

power  N^d* 

f 

I 

where  P  is  the  mass  of  the  reactor,  equal  to  the  sum  of  the  massC^of^exli^tiiy^  „ 
fzoT&/  Paict*  the  andithe-'egiaa^n^.t 

1  _ $ 

The  number  of  fissions  idiich  occur  in  a  unit  of  mass  of  the  active  zone  per 
second  is  called  the  activity,  A  fissions/sec  g. 

The  thermal  power  is  proportional  to  the  product  of  the  activity  A,  the  mass  of 
the  active  zone  Pjj^»  and  the  fission  energy  E:  — 

i-  0,625. lOW  •  ,0,625.1019  3.10W 

'  I  n 

where  V  is  the  volume  of  the  active  zone  in  erc^’j 

p  is  the  average  density  of  the  active  substance,  i.e.,  of  the  mixtui'e  of  nuclear 
— - - Tfboiler 
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fuel  with  the  moderator  in  g  /cm^j 

^  is  the  relative  density,  which  is  measured  by  the  ratio  of  the  vol;jrie  of  the 
active  substance  to  the  volume  of  the  active  zone} 


P«kt  active  zone  in  grams: 


r  p  , 


VpV. 


(11.10) 


The  activity  of  the  reactor  A  is  deterndned  by  the  number  of  atoms  of  fission¬ 
ing  substance  in  each  unit  of  mass  of  the  active  zone,  by  the  fission  cross  section, 
and  by  the,  so-called^  neutron  flux  . 

The  nuTiiber  of  neutrons  uhich  pr.ss  thi'ough  a  unit  area  (1  cm^)  per  second  is 
called  the  neutron  flux.  The  thermal  neutrons  in  a  reactor  move  randomly.  Therefore 
the  neutron  flux  does  nc^  depend  on  the  orientation  of  the  area. 

In  various  portions  of  the  active  zone  the  neutron  flux  is  dissimilar r  In  the 

center  of  the  active  zone  it  is  greater  than  at  the  periphery. 

We  will  consider  a  unit  volume  of  the  active  zone  (Figure  198).  The  number 
of  atoms  of  the  fissioning  substance  with  atomic  weight  Adel  per  unit  volume,  i,o», 
the  atomic  concentration,  is  denoted  by  N.  The  mass  or-i:  1' ’tcTh''’  ’«• 

the  density  of  the  active  substance^  g  /cm3.  The  numbe’'  of  atoms  in  a  gram-atom  — 

Avogadro's  number  —  is  denoted  by  N^,  and  is  equal  to  6  •  10^3  /  .h  ^ 

ratio  of  the  mass  of  the  fissioning  substance  to  the  mass  of  the  active  zone  is  de¬ 


noted  by 


Pdel 

Pakt 


*  The  atomic  concentration,  apparently,  is  equal  to 


y* wtM 


(11.11) 


'•JMW  r  ucr 

The  probability  of  a  collision,  resulting  from  fission,  of  one  neutron  with 


any  of  N  atoms  of  the  fissioning  substance  per  unit  *voriH^/x>r 


cross  section,  is  equal  to 

••  \ 


F txr 


(11.12) 


Consequently,  the  activity  A  is  equal  to 

\  fissions/sec  gram,  (11.13) 

After  substituting  the  value  of  the  activity  that  is  found  (11.13)  into  the 
thermae  power  equation  (11.9),  and  using  (11.10),  we  obtain 
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Nc 


o.e3s.ioi«ii|i 


^ icr 

t 


(ii.m) 


The  fiaeion  cross  section  of  an  atom  of  uraniuni-23^  -^el 


Fig.  198. 


atom/^le.  The  therm^-g^^J^r  of  a  reactor^isjdciiai^j^ed*  tb 


product  of  the  jieutron  flux  and  the  mass  of  the  fissioning  substance 


6.10a-549.IO-M  n  ,  ^  ^  .. 

/v«= - — — - - <pP,„s»4,610  .kif. 


3.10«-235 


(11.15) 


Subsequently  we  will  see,  that  the  neutron  flux,  and  conse^ently,  the  thermal  pa 
be.iclhc^yng^  from  zero  to  iiaxiraum  by  varying  the  location  of  the 

control  rods. 


The  heat  which  1*?  released  Iji  a  reactor  must  be  taken  out  by  a  coolant.  The 
higher  the  thermal  power,  the  greater  the  heat  jthe  ■ 

ture  of  the  active  zone,  and  the  higher  the  reqtdred  coolant  flov.  The  limiting  tem¬ 
perature  which  a  reactor  is  capable  of  maintaining  is  determined  by  the  thermal 
properties  of  tne  fissionable  substance,  the  moderator,  the  coolant,  and  the  materials 
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from  which  it  is  constructed. 


In  heterogeneous  reectors,  the  heat  is  released  only  in  blocks  of  nuclear  fuel, 
homogeneous  reactors  the  liberation  of  the  heat  occurs  in  the  entire  mass  of  the 
active  zone  ^orj^. 

The  neutron  flxnc  in  existing  power  reactors,  as  described  in  open  literature, 

does  not  exceed  10^^  neutrons  per  second  per  cm^. 

Example  1.  Find  the  power  that  is  released  in  1  kg  of  pure  uranium-235>  if  the 

neutron  flux  is  ^  =  lO^^  neutrons  per  second  per  cm^. 

After  substituting  ■=  1,000  grar..s  in  the  fori.vola  (11.15),  wo  obtain 
■  Nq  r=  4,6. =  4.6- lOH.  1000  «=  4600  kir/lcg. 

In  order  to  remove  such  a  high  specific  power,  the  active  block  must  be  cooled 

with  an  intensive  flow  of  coolant. 

Example  2.  Find  the  average  neutron  flux  at  which  the  specific  power, 
th^'power  per  unit  of  mass  a  homogeneous  reactor,  reaches  100 'l(Xr/Jcg,' •’  •-  / -v 

if  the  weight  content  of  the  nuclear  fuel  is  =  0.01. 

l*akt 

From  (11. lU)  we  obtain  / 

0.625. P‘,„  ^  0,625- IOW-235- 100- 10~« 

549.IO~2<.200.6.10a.o,01  “ 

;  . . -2, 24. 10»«.  neutrons/sec. cm2. 

The  neutron  flux  that  was  calculated  does  not  exceed  the  limits  already  attain- 

ed  in  existing  power  installations. 


SECTION  3,  REACTOR  RADIATION  AND  SHIELDINl 

'.■lie  operation  of  a  reactor  is  accompanied  by  poirerful  radiation.  During  the 

1  T)cn?r  • 

disintegration  of  a  fissionable  substance,  fission  fragments,  neutrons,  electrons,  and 
gamma-quanta  are  formed.  The  larger  part  of  the  fission  fragments  is  represented  by 
radioactive  isotopes,  rrhich  continue  to  dec^  spontaneous^/,  releasing  all  forma  of 
radioactive  radiation:  alpha  particles,  beta  particles,  and  gamma  quanta,  Tlie  leak¬ 
age  neutrons  rrhich  have  abandoned  the  reactor  are  captured  by  the  nuclei  of  atoms  of 
^j^the  surrounding  substances  forming  nei/  radioactive  isotopes.  Ganna  ra’'’s  and  neutrons 
are  destructive  to  a  human  organism,  since  under  their  action  the  laoleculcs  of  alb’onin 
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and  living  biological  cells  decompose. 

The  roentgen  is  the  imit  of  gaiama-exposure.  One  roentgen  is  the  quantity  of 
radiant  energy  such  that  it  forms  in  one  cubic  centimeter  of  air  so  many  ions  of  the 
8«Be  sign  that  their  total  charge  constitutes  one  electrostatic  unit  of  a  quantity  of 
electricity. 

Oanma-exposure  has  a  cumulative  effect.  The  damages  which  accon5)any  the  ex¬ 
posure  are  accumulated.  Experience  shows  that  any  irradiation  dose  is  harmful.  The 
amount  of  radiation  which  a  parson  nay  receive  in  his  life-time,  vritkout  ondan^cring 
ais  health  and  the  health  of  his  descendants,  may  not  exceed  35  roentgens.  A  dose 
of  h$0  roentgens  is  usually  fatal. 

Shielding  from  Gamma  Radiation,  Gamma-rays  are  absorbed  by  the  medium, 
therefore,  with  an  increase  in  the  path  length  of  the  gamma-quanta,  the  inten-  j 

dty  of  the  radiation  decreases.  The  number  of  particles  passing  through  a  un:t 
surface  per  second  (the  surface  located  normally  to  the  direction  of  the  ray)  is  called 
^he  flux.  We  will  denote  the -gMoiarqa^ta*  flux  at  the  entrance  to  aa-^VSn' 
nedium  by  Iq;  the  flux  after  passing  a  distance  x  we  will  denote  by  lx*  It  is  possible 


to  show,  that  for  a  parallel  flux 
where  x  iu  the  distance  in  cm; 


(11.16) 


B  is  the  accumulation  factor,  measured  experimentally;  B«=i’l; 

;^is  the  attenuation  factor  (Table  11,2). 

Table  11.2 

’HE  total  ATTEmJATION  FACTOR  FOR  GAMMA  RAIS  WITH  ENERGIES  OF  2  mev  per  cm“^ 


The  flow  at  x  distance  from  a  point  source  which  radiates  N  quanta  per  second 
n  all  directions  is,  apparently  equal  to 
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A 

— r  T*  cm^* 

4*jr*  * 


Considering  absoi*pti  on  in  the  atnos^  here,  we  obtain 


\ 


4iu> 


(n.x?) 


(ua8) 


The  loc.ll  radiation  intensity  can  be  measrired  by  means  of  an  ionization  cham¬ 
ber*  The  chamber  contains  two  plates  to  ’  ’'ich  a  potential  difference  in  applied, 
insufficient  to  cause  a  discharge.  Under  the  effect  of  gamma-radiation,  the  gas 
betTTcen  the  plates  is  ionized  and  ionization  current  arises  in  the  circuit.  The 
curi'cat  strong  on  v.’ill  be  greater  the  lai’gor  the  flon  of  ionizing  particles.  The 
XiTudiation  dose  is  proportional  to  the  quantity  of  electricity  floiTing  in  the  cir¬ 
cuit.  The  current  is  measured  by  means  of  a  neter  included  in  the  circuit.  A  serial 
,  i  axxuf actured  b^r  our  industry,  is  shown  in  Figure  199.  The  scale 

of  the  meter  is  often  calibrated  in  roentgens. 

We  will  calculate  how  great  will  be  the  radiation  of  a  reactor  whose  thermal 
power  is  equal  to  the  power  of  a  modern  jet  bomber. 


L 


\ 


Fig.  199.  A  general  view  of  a  dosimeter. 

Each  nuclear  fission  is  accompanied  by  radiation  of  nearly  $  gamma-quanta  with 
energies  on  the  average  of  2  mev.  The  permissable  radiation  intensity  in  radiometric 
laboratories  consists  of  800  gamma-quanta  per  cm^  per  second.  We  will  recall  that 
the  power  in  one  kilowatt  is  equivalent  to  3  •  10^^  fissions  per  second.  The  thermal 
power  of  an  eight  engine  heavy  jet  bomber  with  a  total  thrust  of  R  *>  36,CXX)  kg  and  a 
specific  fuel  consumption  Cg  *  0.9  kg  per  hour  per  kg  is  equal  to 

^  “  3600  3800 

«=945(X)kcal/6®caK400000  kw. 


F-TS-97i40A 


399 


In  a  reactor  %dth  a  siMlar  thermal  pover  3  •  10^^  •  O.U  •  10^  *  1*2  •  ICA^ 
fissions  per  *<econd  will  occur,  during  vhich  N  *  5  •  1-*^  •  10^9  «  ^  .  lol9  gamma-quanta 
will  be  generated.  •  Noting  that  the  reactor  is  represented  by  a  sphere  with  a  radius 


of  $0  on,  we  find  that  the  flow  of  gamma-quanta  at  the  edge  of  the  reactor  is 

t 


N 


8.  {01# 


4-S,U.50» 


■  c»2'10‘*  gamraa-quanta/sec  cni2. 


After  substituting  the  attenuation  factor  from  Table  11.2  in  the  equation 
(11.18)  and  noting  that  B  *  1,  it  is  possible  to  find  the  distance  at  v^iich  the  flow 
of  gamma  radiation  vdll  be  reduced  to  a  permissible  value  Ix  =  800  gamma-quaiita  per 
second  per  cra*^.  For  air  ^  -  0.065  •  10“^}  x  “  1.6  km.  For  lead  ^  *  0.53  and  x  = 
5U  cm. 


The  foregoing  calculation  shows  how  great  the  radiation  of  a  reactor  is,  and 
how  great  the  weight  and  the  thickness  of  the  shielding  layer  must  be. 

It  is  seen  from  equation  (11.16)  that  if  the  attenuation  ratio  of  the  flow 

lO 

is  known,  then  the  product  of  jjix  also  must  be  known: 

It  follows  that  the  thickness  of  the  face  of  the  shielding  layer  is  inversely 
proportional  to  the  total  attenuation  factor: 


The  weight  of  the  shielding  layer  is 


(11.19) 


/>=5jcp=-?-5In-^,  (11.20) 

lx 

t 

where  S  is  the  surface  of’ the  face  of  the  shielding  layer. 

The  ratio  of  the  density  to  the  attenuation  factor  is  approximately  one  and  the 
same  for  the  majority  of  substances: 

I  . ;  ft?  20.  * 


Therefore,  the  faces  of  the  shielding  screens,  which  are  made  from  various 
materials,  weigh  approximately  the  same  but  have  different  thicknesses. 

If  the  reactor  is  air-cooled,  then  the  cooling  air  which  is  irradiated  ly 
neutrons,  becomes  radioactive  because  of  the  transformation  of  the  nitrogen  into 


hoo 
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a  radioactive  isotooe  of  carbon  with  a  half-life  period  of  years*  The  con- 

*  o 

tamination  of  the  atrwsphere  by  radioactive  carbon  makes  the  use  of  air-cooled  reac¬ 
tors  TO-th  an  open  air-cooling  cycle  objectionable* 

To  insure  the  safety  of  the  service  personnel,  operating  reactors  are  equipped 
with  monitoring  instrumenta  The  reactors  are  always  operated  automatically  by  re¬ 
mote-control  instruments*  During  the  assembly  of  a  reactor,  manipulators  and  other 
remote-control  mechanisms  are  used*  Supervision  during  assembly  is  conducted  irith 
the  aid  of  periscopic  instrui-ents  or  tcle\'lsion  units. 


SECTION  U.  the  JiSSElBLY,  STARTING,  Ai®  COOTRDL  OF  A  REACTOR 


The  assembly  of  heterogeneous  reactors  may  be  acconplished  by  the  following 
method:  the  tinit  is  assembled  with  the  use  of  corresponding  construction  materials, 
cooling  systems,  moderators,  aivd  protective  shields  in  the  absence  of  a  fissionable 
material  for  iThich  special  ducts  are  left*  Later,  in  the  finished  reactor,  a  certain 
amount  of  active  rods  is  inserted  so  that  the  mass  of  the  fissionable  substance  be¬ 
comes  critical  and  a  continuous  fission  chain  reaction  develops  in  the  reactor.  The 
approach  to  criticality  is  made  known  by  r^idly  increasing  radiation.  Observations 
of  the  radiation  are  carried  out  vriLth  the  aid  of  instruments  which  are  built  into  the 
reactor  core*  This  is  how  the  assembly  of  the  Soviet  first  atomic  power  station  in 
the  world  was  acconplished*^ 

The  assembly  of  a  heterogeneous  reactor  may  also  be  carried  out  in  the  presenc* 
of  the  active  substance  consisting,  for  exanple,  of  blocks  of  uranium  and  moderators 
This  is  how  the  first  Chicago  reactor  v/as  constructed* 

To  prevent  an  explosion  which  may  occur  during  a  chance  increase  of  the  critic, 
diuiensions,  safety  rods,  which  are  constructed  of  materials  which  absorb  neutrons, 
are  used.  These  rods  are  automatically  inserted  into  the  active  zone  /core7  when  th 
neutron  flux  passes  the  permissible  limit.  Safety  and  control  rods  are  constructed 


Reactor  Construction  and  Reactor  Theory.  Reports  of  the  Soviet  Delegation  at 
the  Conference  for  the  Peaceful  Use  of  Atomic  Energy,  Geneva,  1955j  Printing  House  o 
the  Academy  of  Sciences,  USSR,  1955* 
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of  Katerials  with  large  capture  cross  sections:  from  cadium,  boron,  or  from  their 
conpounds  (see  Table  11.1)* 

The  value  of  the  neutron  flux,  and  consequently,  even  the  power  of  the  reactor 
depend  on  the  immersion  depth  of  the  rods*  >a.th  an  increase  of  immersion,  the  ab¬ 
sorption  of  the  neutrons  increases,  the  reactivity  decreases  and  together  with  it, 
the  neutron  flux  diminishes.  At  a  sufficient  immersion,  the  multiplication  factor 
becomes  less  thaa  one  and  the  reaction  dies  out. 

A  foreign  neutron  source,  for  example,  an  ampule  which  contains  a  mixture  of 
metallic  beryllium  with  some  sort  of  natural  radioactive  alpha  emitter  —  radium  or 
polcadum  —  is  sometimes  inserted  to  set  a  reactor  into  operation.  The  collisions  of 
the  alpha  pai*ticles  with  the  nuclei  of  beryllium  is  accompanied  by  neutron  radia-^ 
tion: 

\ 

The  neutrons  from  the  beryllium-polonium  source  or  stray  neutrons  bring  about 
the  fission  of  the  nuclei  of  uraniuro-235*  So  that  the  reaction  might  increase, 
the  safety  rods  are  pulled  out  and  the  control  rods  inserted,  and  the  multiplication 
factor  does  not  become  greater  than  one.  The  neutron  flux  in  the  reactor  increases, 
the  liberation  of  heat  increases,  and  the  temperature  of  the  active  zone  grows.  The 
length  of  the  diffusion  of  the  neutrons  and  the  distance  in  which  the  fast  neutrons 
are  slowed  down  to  a  "thermal"  velocity  j.ncreases,  the  density  of  the  active  sub¬ 
stance  diidnishes,  the  leakage  of  the  neutrons  grows,  and  the  reactivity  decreases. 

In  this  way,  the  process  of  the  increasing  power  is,  to  a  certain  degree,  self-regu- 
lating.  The  control  rods  move  in  more  for  greater  neutron  flux  emd  consequently, 
greater  theiunal  power.  The  reactivity  of  the  reactor  falls  to  zero. 

The  thermal  power  of  a  reactor  is  determined  by  the  location  of  the  control  rods. 
The  level  to  ^rtiich  it  ic  possible  to  raise  the  thermal  power  is  determined  by 
the  cooling  system  and  the  heat-resistant  quality  of  the  reactor. 

The  moveBffints  of  the  control  and  safety  rods  is  accomplished  by  motors, 

as®*  connected  with  probes  that  are  sensitive  to  the  neutron  flux  in  the  reactor. 
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The  dependence  of  the  neutron  flux  and  the  thermal  power  upon  the  immersion 
depth  of  the  control  rods  is  shown  in  Figure  200,  The  S-shaped  form  of  the  curve 
chows  that  the  neutron  flux  at  the  reactor’s  periphery  is  low,  so  that  the  insertion 
of  the  rods  only  decreases  insignificantly  the  overall  number  of  neutrons  in  the  re¬ 
actor.  The  insertion  of  the  rods  into  the  central  area  of  the  active  zone,  where  the 
neutron  flux  is  great,  has  a  much  greater  effect  on  the  overall  neutron  balance  and 
produces  a  greater  change  of  the  thermal  power. 

The  operation  of  a  reactor  is  completely  controllable. 

As  the  fissionable  substance  "burris  out"  anrl  the  fission  irarp.ic.iis  r,ccu:’.ulatc 
the  reactivity  of  the  reactor  diminishes  and  the  control  rods  must  be  pulled  out. 

The  consumption  of  the  nuclear  fuel  is  jiot  difficult  to  calculate  in  relation  to 
the  thermal  power  of  the  reactor  Nq  kw: 

C  •  0,2U  ^  kg  per  sec  »  861i  ^  kg  per  hour, 
irtiere  H  is  the  amount  of  energy  that  is  liberated  during  the  fission  of  1  kg  of 

Legend: 

A)  Power 

B)  Power  in  kw 

C)  Temperature 

D)  Temperature  of  the 
Solution  in  ®C 

fi)  Extracted 

F)  Inserter 

G)  Location  of  a  control  ix>d 

Fig,  200,  The  dependence  of  the  neutron  flux  in  a  reactor  and  the  thermal  power 
of  a  reactor  on  the  immersion  depth  of  the  control  rods. 

The  consujTption  of  the  nuclear  fuel  in  a  heavy  atonic  aircraft  with  eight  turbo¬ 
jet  engines  with  thermal  power  of  Nq  •*  ljOO,CXX)  kw, 

1  -  Q6h  ^OOjOQQ  «  0,018  kg  per  hour  *■  18  g  per  hr  -  5  mg  per  sec. 

1.9  •  10^^ 

For  a  iiO-hour  aroxmd-the-world  flight  with  a  speed  of  1,000  km/hr  altogether  72  ' 
grams  of  a  nuclear  fuel  will  be  required. 


1:03 
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SECTION  5.  THE  COOUNG  OF  A  REACTOR  AND  THE  PREHEATING  OF  THE  AIR 


The  air  irtdch  flows  through  a  heat  exchanger  of  a  reactor  for  a  ramjet  engine 
iiust  be  preheated  to  an  optinium  temperature  Tq^.  After  determining  this  teiqserature 
and  giving  the  required  thrust,  we  will  find  the  air  flow  Gy  through  the  heat  exchanger 
of  a  reactor. 

After  setting  the  permissible  value  of  the  relative  velocity  of  the  heated  air 
at  the  heat  exchanger  outlet  A.  3,  we  will  determine  the  required  cross  section  of  the 
heat  exchanger  from  (2^7li)t  / 


5,. 


G 

13^3 


comprises  a  certain  portion  of  the  middle 


The  cross  section  that  is  found 


section  of  the  engine 


(11.22) 


The  geometry  of  the  heat  exchanger  must  be  calculated  so  that  the  air  flowing 
through  it  will  be  heated  to  the  required  temperature  To3» 

The  calculation  of  the  heat  exchanger  for  the  heating  of  the  air  is  carried  out 
by  a  common  method. 

The  air  temperatures  at  the  heat  exchanger  inlet  and  at  its  outlet  are  denoted 
^02  *^03  •  temperature  of  the  heat-transfer  agent  at  the  heat  exchanger 


inlet  and  at  its  outlet  we  denote  by  T2’  and  T3*  (Figure  201) 

c)7tMOMOCufne/r»  . 


/ 


1 


^0S 


\r; 


Legend* 

A)  Outlet 

B)  Inlet 

C)  Heat-transfer  agent 

D)  Air 


’9i 


Fig.  201.  A  diagram  of  a  heat  exchanger. 

The  quantity  of  heat,  idiich  is  received  by  the  air  in  the  heat  exchanger,  is 
equal  to  the  thermal  power  Nq: 


tdiere  c(  is  the  heat  transfer  coefficient ; 

®tepl  transfer  surface  between  the  air  and  the  heat  exchanger j 


(11.23) 


hOii 
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AT  is  the  average  temperature  difference. 

It  is  knovn  from  the  theory  of  heat  exchanger  installations  that  the  average 
tenperature  difference,  in  the  case  of  a  constant  heat  transfer  coefficient  through 
the  heat  exchanger  o(^  «  const,  is  equal  to . 


y<a)— — 7*03) 

ri-Toi 


In 


(11.2h) 


The  temperature  of  a  reactor  with  direct  air  heating  will  be  calculated  in  the 
first  approximation  by  assuming  the  entire  active  zone  at  constant  temperature t 
T2  •=  *=  Tp.  In  this  case 


/ 


^03— ‘^02 


(11.25) 


The  heat  transfer  coefficient  is  dependent  upon  Nusselt’s  number  which 

is  determined  by  the  Reynolds'  and  Prandtl's  numbers,  and  also  by  the  heat  conducti¬ 
vity  X: 


NuX 

*TtM—  ^  . 

Nu-/(Re.  Pr), 

Pr=f£!?. 

y  I 


(11.26) 

(11.27) 

(11.28) 


For  gases  Pr  ■  0«72. 

d  is  the  size  of  the  heat  exchanger  that  was  determined; 

Cp  and  X  are  the  specific  heat  and  the  heat  conductivity  of  the  air,  V  is  its 

4  ’ 

kinematic  viscosity; 

X  is  the  dynamic  viscosity; 

w  is  the  velocity  of  the  gas  flow. 

The  temperature  of  the  air  which  flows  through  a  heat  exchanger  increases,  the 
velocity  of  the  flow  increases  and  together  with  them  the  parameters  of  the  air  X, 
y  ,  -y,  and  also  the  Re  and  Nu  numbers  and  the  heat  transfer  coefficient  vary »  We 
express  the  heat  transfer  coefficient  as  a  function  of  the  temperature  in  a  clear  form. 

ll/hen  $2  *’ 


ii05 
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TfWi=T*®»- 

■s 

The  product  of  Vw  is  a  constant  value  for  a  tube  having  a  constant  cross  sec¬ 
tion.  Consequently,  the  Reynolds*  number  during  the  flow  through  the  heat  exchanger 
varies  in  inverse  proportion  to  the  dynamic  viscosity  ‘)\  i 


I 


Re> 


[=51 

t  *1 


(11.29) 


The  Nu  number  is  determined  by  the  Re  and  Pr  niimbers,  and  also  by  the  shape  of 
the  heat  exchanger.  For  cylindrical  tubes 

Nu=0.023ReWPr®.i 


(11.30) 


The  heat  transfer  coefficient  from  the  walls  to  the  air  cr  is 


(11.31) 


_ 

The  viscosity  the  heat  capacity  c,  and  the  heat  conductivity  \  increase 

O.li  N  0.6 

with  an  increase  of  teit5)erature .  The  ejqjression  x.. . slowly  increases  with  the 

tvO.U 

increase  of  temperature.  In  the  first  approximation,  the  heat  transfer  coefficient 
nay  be  considered  as  constant  throughout  the  entire  heat  exchanger.  The  heat  trans¬ 
fer  coefficient  decreases  insignificantly  with  an  increase  of  the  diameter  of  the  tubes 
The  thermal  power,  which  is  taken  from  the  heat  exchanger  for  a  constant  heat 
transfer  coefficient  ■  const,  is  directly  proportional  to  its  surface.  If  the 
themal  power  is  given,  then  depending  upon  the  diameter  of  the  tubes,  it  is  possible 
to  find  the  surface  of  the  heat  exchanger 

The  overall  cross  section  of  a  tube  of  a  heat  exchanger  $2  is  determined  by  the 
air  flow  required  and  the  permissible  flow  velocity  in  the  tubes  W2.  The  pressure 
of  the  heated  air  po2  Is  detarmined  by  the  velocity  and  flight  altitude,  and  by  the 
pressure  recovery  of  the  diffuser  0"^.  The  number  of  tubes  n  is  inversely  propor¬ 
tional  to  the  square  of  their  diameter  d; 

1^ 


-(t) 


After  5§gSf3]pg'|the  thermal  power  liiich  is  taken  up  by  the  air  that  is  heated 
in  a  heat  exchanger  >  _  ,  ' 

(7*0*  ““  7-te),  ^  ^  ^ 
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ii05 


to  the  theni:al  power  which  is  transndtted  through  the  v/alls  of  the 

and  considering  that 

^rtni  ^*dtn  ^  / 

Si  Mjfin  a* 


heat  exchanger 

(11.33) 


we  obtain  .  »  Tta-Tn 

T*  in  at  * 


ai.3ii) 


After  using  (11.28,  11.29,  and  11.26)  and  after  simple  conversions,  we  obtain 
an  equation  which  connects  the  relative  length  of  the  heat  exchanger  ducts  with  the 
temperature  difference  T03— -To2  temperature  drop  by  the  Re,  Pr,  and  N'u 
numbers; 


/  __  RePf  To3  —  To2 

rf~4Nu'  AT  *  (11.35) 


SECTION  6.  REACTORS  COOLED  BY  MOLTEN  METAL 

To  decrease  the  dimensions  of  a  reactor  and  to  avoid  the  contamination  of  t  e 
air  coolant  by  radioactive  isotopes,  reactors  are  constructed  with  liquid  coolants. 
The  heat  liberated  in  the  reactor  is  absorbed  by  the  liquid  heat-transfer  agent,  and 
carried  to  a  heat  exchanger  ^ere  it  is  transferred  to  the  heated  air.  It  is  clear 
that  the  temperature  of  the  heat-transfer  agent  at  the  reactor  outlet  must  be  greater 
than  the  air  temperature  ahead  of  the  nozzle  exit.  Therefore,  water,  the  critical 
temperature  of  idiich  is  650°  K,  is  not  suitable  as  a  heat-transfer  agent.  More  suit¬ 
able  heat-transfer  agents  for  atomic  ramjet  engines  are  molten  metals,  the  melting 
points  of  which  are  less  than  the  temperature  at  the  heat  exchanger  outlet  T3’  .  The 
vapor  pressure  at  the  temperature  of  T2S  which  the  heat- transfer  agent  has  at  the 
reactor  outlet,  cannot  be  too  great,  i.e.,  cannot  exceed  the  stagnation  pressure  in 
the  combustion  chamber  pq2  by  far. 

As  possible  heat-transfer  agents  for  reactors,  the  Institutes  of  the  Academy 
of  Sciences  of  the  USSR  investigated  molten  tin,  lead,  bismuth,  sodium,  and  also 
alloys?  eodium  and  potassium,  lead  and  bismuth. 

By  the  works  of  the  academician  M.  A.  Mikheyev  with  his  associates,  and  also  by 

koi 
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series  of  foreign  scientists,  it  was  proven  that  the  heat  transfer  coefficient  for 
metal  which  flowed  along  a  cylindrical  tube,  is  determined  by  Nusselt’s  (Nu)  and 


ciet's  (Pe)  numbers: 


Pe=RcPr==-^^. 


(11.36) 


To  determine  the  Nu  number,  Lyon,  Dwyer  and  others  suggested  the  following 


rmula; 


Nu«3^+0,02l  Pe^, 


In  the  ■c.r.’/est:' '  -.bed  heat  exchangers 


(11.37) 

\ 

Pe  -  100—10,000,  Nu  -  10— 30j 


•=  0.01 — 0,10  k  cal  per  meter  per  second  per  degree.  Because  of  the  high  heat  con- 
ctivity  of  metal,  the  heat  transfer  coefficient  was  much  higher  than  that  for  gas 
oling:  a*^  •»  »  1--300  kcal  per  square  meter  per  second  per  degree,  hundreds  of 


rces  greater  than  for  heat  transference  to  the  air. 

For  the  computation  of  a  heat  exchanger  between  the  active  zone  ^or^  of  a  re- 
tor  and  the  heat-transfer  agent,  one  considers  the  heat  conductivity  of  the  material 
om  which  the  heat  transfer  agent  tubes  are  prepared  and  the  heat  conductivity  of  the 
tive  material. 

Ve  will  introduce  the^’  0bn6ept ;  6'f  tiusrnal  resistance  R»- .  afte^^*detfet3I±n^* ceV  wj.  !• 
g  it  from  the  following  equation; 


(11.38) 


3re  q^  is  the  heat  flowj 


/iT  is  the  average  temperatvu'e  drop. 


)m  here 


(11.39) 


■re  o(tepl  heat  transfer  coefficient, 

Stepl  heat  exchanger  surface. 

The  heat  transfer  from  the  active  zone  2^ore7  of  the  reactor  to  the  molten  metal 


be  written  as  (Figure  202); 


(ii.Uo) 


S-97i:OA 
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where  %  is  the  thickness  of  the  tube  vallj 
1^  Xy  is  its  heat  conductivity j 

and  aj^  are  the  heat  transfer  coefficients  from  the  active  zone  /core7  to  the  tube 
wall  and  from  the  tube  wall  to  the  molten  metal. 

For  air  cooling,  the  temperature  resistance  is  many  times  greater  during  heat 
transfer  from  the  tube  wall  to  the  air  than  during  heat  transfer  from  the  active 
material  to  the  tube  wall,  or  during  heat  transfer  through  the  substance  of  the  tube 
or  of  the  active  zone  [zotg] .  Therefore  it  is  possible  to  disregard  these  last  re¬ 
sistances,  after  considering  only  the  first. 

During  the  elimination  of  the  heat  from  a  reactor  with  a  heavy  active  zone,  the 
primary  heat  resistance  is  concentrated  on  the  mutual  surface  with  the  tube  inside 
the  active  zone.  The  heat  resistance  for  the  transfer  from  the  tube  walls  to  the 
molten  metal  is  insignificant.  The  overall  heat  resistance  during  cooling  by  a  molten 
metal,  and  the  surface  of  the  heat  exchanger  is  f  '  tis  of  times  tbr 

,  0(K)  Tf  M  c  tor . 

A  heat  exchanger  for  heating  the  flowing  air  is  computed  as  stated  in  the  fore- 

✓ 

going  paragraph. 

fT)  KuniitUtta  6oda 

Legends 

a)  Boiling  water 
B)  Liquid  sodium 
.  C)  Metal 

Fig.  2U2.  The  calculation  of  the  heat  transfer  through  the  wall  of  a  heat-exchanger. 

Example.  A  reactor  with  a  thermal  power  of  Nq  *  ii00,000  kv  is  cooled  by  special 
alloy.  The  temperatxire  of  the  active  zone  is  Tp  »  2,000°  K.  The  temperature  of  the 
heat-transfer  agent  rt  the  reactor  inlet  is  T2  "■  000°,  at  its  outlet  T'^  “  1,800°K. 

The  parameters  of  the  alloy  are  y' *=  700  kg/m^,  X  “  0.00^  kcal/...  sec  degree,  c  « 

0.25  kcal/kg  degree.  The  coolant  speed  is  w  »  10  m/sec.  The  diameter  of  the  tubes 
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h09 


is  d  «  25  wm 


The  heat«transfer  agent  consumption  is 


Or 


tie 


0.24«)0000 


—  “  0,25 (ICOO  — 800)  ““^Wsec, 


} 


The  cross  section  of  the  heat-transfer  agent  tubes  is 

<i  384 


The  number  of  tubes  is 


tO.700 

I 


«  0.055  Jt»«550  cm2. 


n  = 


4s 


4-550 


Pe clefs  nvunber  is 


Pe 


luP  3-l^-2,5'i 

dstje  0,025- 10-700  0,25 
gX  9,8.0,006 


112. 


74a 


< 


Nusself  s  niimber  is 

Mu  »  W  +  0,021Pc*^  “  3.2  +  0,021 .7ToP'*  =  7,3. 

The  heat  transfer  coefficient  from  the  wall  to  the  liquid  metal  is 

NoX  7.3-0,006 


0,02S 


•■=1,75  kcal/sec  degree* 


The  mean  logarithmic  temperature  ^op  is 


Ar« 


In 


)6u0~800 


In 


2000  —  800 


a=640*. 


"  T,-li  2000-1800 

'  -- 

We  will  assume  that  the  tubes  are  made  of  heat-resistant  steel  for  which 
■  0,01  kcal/m  sec  degree,  the  thickness  of  the  walls  is  S  *  2,5  mm,  V/e  may  dis¬ 
regard  the  heat  resistance  of  the  active  zone. 

We  find  the  surface  of  the  heat  exchanger  from  the  equation 


1 


Nq  »=  ottM'SAT*; 

AT  14 

Ci,5|,  XjSf  ^mXrSt^it 

96000 


y 


Nq 


640 


,  j_ 

U.78  0,01  I 


where 


5||  %  5,  %  SytnM’ 

r  . 

The  overall  perimeter  of  the  tubes  is 


f'  • 

V/ 


‘  P=.K<fflr=3,l4  0,025  112  «  8,8  m. 


the  total  length  of  the  tubes  is 


*.  »  * 

•lu 


.  5  123  . 

/  «o  *=;. - 14  im 

P  8,8 


Ulo 
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The  Yolmne  of  the  heat-transfer  agent  in  the  reactor  ir. 


its  weight  is 


14.0,055 -=0.77  m*. 
!*««-  0,77.700 « 540  kg. 


To  transfer  the  heat  to  the  air  reqxiires  a  special  heat  exchanger,  which  is 
computed  as  was  stated  above  in  Section  If  the  reactor  is  equipped  with  a  shield, 
then  a  system  with  an  intervening  heat-transfer  agent  permits  a  considerable  decrease 
of  the  reactor’s  dimensions  and  a  lower  weight  of  the  shielding. 

Shielded  reactors  may  be  installed  only  in  very  heavy  aircraft. 


SECTION  7. 


ELECTrtOMAGNETIC  PUEPS 


FOR  KOLTLN  KL7AL3 


Electromagnetic  Faraday  pumps,  which  are  based  on  the  power  interaction  of  an 

0 

electric  current  with  a  magnetic  field,  are  often  used  to  transfer  molten  metals.  A 
diagram  of  an  electromagnetic  pump  is  shown  in  Figure  203.  A  portion  of  the  tube, 
through  which  the  molten  metal  flows,  is  flattened  and  placed  between  the  fields  of 
a  strong  electromagnet.  A  strong  electric  current  from  a  step-down  transformer  is 
carried  to  the  molten  metal  with  the  aid  of  two  thick  copper  bars.  From  the  side 
of  the  magnetic  field  to  the  bars  with  the  current  a  force  acts,  which  is  directed  , 
.^gj^^olleft  "1  xnie,<.tho  way  theithr  :b^ints  when  the  i'  l-'.p:J!-’tb6’  iKJftlihaad  is 
turned  to  meet  the  magnetic  lines  of  force  and  the  four  extended  fingers  show  the 

direction  of  the  current  in  the^cohdadtof.  Ijt.d^Tgwe  20;^^thls’  force  is'  direct.  'L  - 
toifards  us, 

l*he  magnitude  of  the  force  F  in  dynes  is  equal  to  one  tenth  of  the  product  of 
the  force  of  the  c\irrent  I  in  amperes  and  the  induction  B  of  the  magnetic  field  in 
gausses  and  the  length  /  of  the  bur  between  the  poles  of  the  cagnet  in  centimeters: 

:  •’  f^O.UBl  dynes,  ■  (ll.la) 

After  dividing  this  force  by  the  cross  section  S  of  the  tube,  we  find  the  pres¬ 
sure  that  is  created  by  the  pump: 


P— ^^dynes/cm?’ 


IB 


9,9.103  i, 


kg/cm2. 


(11.1:2) 


Here  the  quotient  b  ®  ^  represents  the  inter-polar  interval.  After  expressing 


lai 
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the  current  in  kiloainperes  and  the  induction  in  kilogauss,  ve  obtain 


KtfcM*  «  atnu 


(n.li3) 


The  magnetic  induction  B  during  the  use  of  good  magnetic  alloys  may  reach  10  kilo- 

gauss  and  higher.  Let  the  inter-polar  interval  b  ■  1  mm.  Then  in  order  to  create 

a  pressure  on  the  order  of  10  atm,  it  is  necessary  to  have  a  current  with  a  force 

of  I  "  *3-0  »  1  kiloan^jere  ■  1,000  anps. 

B  10  ^ 

*•;  Msme  mammitL 


Kattepam 

tsaisam 


Legend: 

a)  Magnet  yoke 

b)  Magnet  coil 

c)  Conductor 

d)  Tube  for  molten  metal 


Fig.  203.  The  diagram  of  an  electromagnetic  pump  to  transfer  liquid  metals. 

During  the  movement  of  the  molten  metal  between  the  magnet  poles,  an  electro¬ 


motive  force  with  the  induction  E  appears  in  it  as  it  does  in  any  conductor: 


;  £«=10-®B/ttr/volt  (ll.lili) 

«  • 

where  w  is  the  speed  of  the  metal  in  cm/secj 

B  is  the  induction  of  the  magnetic  poles  in  gauss; 

1  is  the  length  in  cm. 

If  B  •  10  kilogauss;  T-  -  10  cm;  w  «  10  m/sec,  then  E  *  10”®  •  10^  x  10  •  10^ 


1  volt. 


The  voltage  on  the  busbars  must  be  greater  than  the  electromotive  force  of 


induction,  which  appears  in  the  moving  wire: 

(/-£+//?/ 

R  is  the  ohmic  resistance  of  the  molten  metal  between  the  bars: 


(ll.ii^) 


^  is  the  specific  resistance  in  ohms/centimeters; 

8  is  the  cross  section  in  the  direction  of  the  normal  to  the  electric  current.  If 
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the  vddth  of  the  interpolar  interval  is  equal  to  a,  then 

8  ■  ba 

The  power,  which  is  spent  on  transferring  the  metal  and  in  overcoming  its  ohmic 
resistance,  will  be  equal  to 


Bbcample»  The  specific  resistance  of  a  heat-transfer  agent  is  p 

ohms  (molten  sodium);  a  *  10  cm;  b  *  0.1  cm;  and  1  *  10  cm. 

10 

/?» i,3-io-<  ohEi 

(/«£  +  //?=  1  +  1000- 1.3.10-4  =1,13  v; 

/V  =  £//  =  1 . 13- 1000  =  1 130  i/attc  ■-=  1 . 13  krr . 


(11.1^6) 
13  •  10”^ 


SECTION  8.  THE  GAS  DYNAMIC  CALCULATION  OF  A  NUCLEAR  SUPERSONIC  RAMJET  ENGINE 


The  gas  dynamic  calculation  of  a  nuclear  supersonic  ramjet  engine  is  identical 
with  the  calculation  of  an  engine  that  operates  on  a  molecular  fuel.  In  the  first 
case,  the  cross  section  of  a  heat  exchanger  is  not  equal  to  the  mid-cross-section 
of  the  engine,  and  the  mass  of  the  exhaust  gases  is  equal  to  the  mass  air  flovr: 


•Sj  S',, ;  p  =  1  + -j- =  1, 

mL 

U— •  ' 

The  required  heating  of  the  air  in  a  heat  exchanger  6 


.  ^03 

To2 


is  determined 


either  by  the  given  thrust  coefficient,  or  by  the  conditions  of  maximum  econoiry: 

0  "  ®opt  Chapter  X,  Section  $) , 

The  minijiium  allowable  thrust  coefficient  is  determined  by  the  aerodynamic  com¬ 
putation  for  the  entire  aircraft  as  a  whole. 

For  an  established  horizontal  flight,  the  thrust  coefficient  is  equal  to  the 
drag  coefficient,  which  is  computed  relative  to  the  area  of  the  engine’s  mid-section 


(ll.li?) 


By  knowing  the  required  thrust  coefficient,  and  after  setting  up  the  probable 
value  of  the  gas  dynamic  coefficient  of  the  engine  K, from  the  formula  of  the  thrust 
coefficient  for  a  flight  at  the  design  condition,  the  required  temperature  ratio  of 
the  air  in  a  heat  exchanger  B  is  found  (see  formula  10.35) 


a3 
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;  *Ar/r/* 


(ll.li8) 


In  the  last  formula  it  is  assumed  that  Rj.«*R< 


The  optimum  temperature  ratio,  at  which  the  total  efficiency  of  an  engine  reaches 
its  highest  value,  IX,  Sectioh  r^)  « '  :u 

•  •«  (11.U9) 

The  required  thrust  R  is  determined  by  the  flight  weight  and  the  aerodynamic 


quality  (lift-drag  ratio)  of  the  aircraft  k. 


li> 


^  noA_ 


(11.50) 


The  total  efficiency  of  a  ramjet  engine  X  is: 


*4-1  "  1-1 


(11.51) 


The  required  thermal  power  Nq  is: 

t 

kcal/seo.  (U.S2) 

The  air  flow  Gy,  that  is  required  for  the  transfer  of  the  required  thermal 
power  Nq  is, 

We  will  set  up  an  acceptable  value  for  the  relative  velocity  at  the  heat  ex¬ 
changer  outlet,  noting  that  it  may  not  exceed  one:  1*  ''lH  find  the  cross 

section  of  the  heat  exchanger  S3. 

We  will  determine  the  required  cross-section  area  ratio  of  the  exhaust  nozzle 
from  (5,20): 

I 


0. 


*p(To$-'  foa)  An  (9  —  1) 


-  kg/sec. 


(11.53) 


(11.5h) 


(See  graph  in  Figure  170). 

The  velocity  at  the  heat  exchanger  inlet  is  determined  from  the  flow  equation: 

(11.55) 

The  stagnation  pressui'e  of  the  free  stream  air  pqj.  *  . . The  stagnation 

^n) 

pressure  ahead  of  the  heat  exchanger  inlet  pQ2  depends  upon  the  pressure  coefficient 
of  the  diffuser 


hi 


U 
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The  required  cross  section  for  the  passage  of  the  air  through  the  heat  exchanger 
Sg,  is  found  from  (2,7h) 


— =1/  - 

»jTa  r 


2^*  **  /W(h) 


(11,57) 


SECTION  9,  AN  APPROHMATE  DETERI-aNATION  OF  THE  CRITICAL  DIMENSIONS  OF  A  REACTOR 

A  reactor  with  cross  sections  and  a  thermal  power  of  the  required  value  must 
have  a  positive  reactivity;  its  dimensions  must  be  greater  than  critical.  Below  is 
found  a  simplified  calculation  of  a  reactor  which  operates  on  theria.!  neutrons  ^dth- 
out  a  reflector. 

The  critical  dimensions  of  the  reactor  depend  on  the  nature  of  the  nuclear  fuel 
and  on  the  moderator,  on  the  concentration  of  uranium-238,  on  the  ratio  of  the  masses 
of  the  fissionable  substance  and  the  moderator,  on  the  volume  (void)  fraction  of  the 
active  zone,  on  the  nature  of  the  heat-transfer  agent,  and  on  the  construction  of  the 
r /actor. 

An  approximate  calculation  for  a  homogeneous  reactor  which  operates  on  thermal 
neutrons^  is  to  be  found  below. 

The  ratio  of  the  volume  of  the  fissioning  material  and  the  mederator  to  the 
total  volume  of  the  active  zone  or  the  volun’e  (void)  fraction  V  is  equal  to 


I  N  = 


(11.58) 


Kirr  + 

where  is  the  volume  of  the  active  material; 

^okhl  volume  of  the  cooling  ducts  and  the  construction  materials. 

The  greater  the  volume  that  is  occupied  by  the  cooling  ducts,  the  lesser  the 
volume  (void)  fraction. 

The  shape  of  the  reactor  is  determined  by  its  usage.  Cylindrical  or  spherical 
reactors  are  more  suitable  to  be  installed  on  aircraft.  In  order  tliat  the  reactor 
nay  develop  a  continuous  nuclear  reaction,  the  effective  mxiltipli cation  factor  of  the 
.•eactor,  which  was  discussed  in  Section  1  of  this  chapter,  must  be  not  less  than  one: 

(11,59) 
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The  multiplication  factor  for  fast  neutrons  i,  and  the  probability  of  avoiding 


absorption  into  uraniura-238  p  depends  on  the  presence  of  uraniuw-238.  For  natural 
uranium  f  1.03i  p  ■  0.9}  for  a  pure  fission  substance  &  ■  1  and  p  *  1. 

The  thermal  use  factor  f  is  equal  to  the  ratio  of  the  number  of  neutrons  which 
are  absorbed  in  the  fissioning  substance  to  the  overall  number  of  the  neutrons  >diich 
are  absorbed  by  the  fissioning  substance  and  also  by  the  moderator. 

The  atomic  concentration  of  the  fissioning  substance,*  the.  nucb^^rrof'  i*-*-  :  ■:>  i' 

•■"atoms* in by 


XC4 


P $KT 

and  the  atomic  concentration  of  the  moderator  is  designated  by  N^: 


(11.60) 


(11.61) 

where  p  is  the  density  of  the  active  substance,  which  is  composed  of  a  mixture  of 


“un 


a  moderator  and  the  nuclear  fuel. 


The  overall  weight  of  the  active  zone  ^ore7  of  the  reactor  is 


»rtiere  ^3  weights  of  the  uranium  and  the  moderator. 

The  macroscopic  capture  cross  sections  of  the  neutrons  in  the  fissioning  sub- 
staiice  and  in  the  moderator  will  be  equal  to 

*  23=A/,a,.  •'  (11.62) 

The  coefficient  of  thermal  use  is,  consequently,  equal  to 

'  •  ^  —  *  ~  '  ' 

XeM  ^  (11.63) 

The  number  of  fission  neutrons  per  one  captured  neutron  for  uranium-235  'A  *=  2.1. 
In  reac-tor  theory  it  is  proven  that  the  probability  of  avoiding  leakage  for  fast 
neutrons  in  the  slowing  down  process  Lf  is  equal  to 

'  '  (n.6h) 

.  I  t 

The  probability  for  avoiding  leakage  for  slow  neutrons,  before  they  will  be 
absorbed  by  the  fissioning  substance  is  equal  to 


U6 
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Here  L  is  the  diffusion  length,  which  depends  on  the  nature  of  the  moderator,  on  the 
coefficient  of  thermal  use  f,  and  on  the  volume  (void)  fraction  (see  Table  11.3) 

(11*66) 

is  the  square  of  the  moderator  length,  >diich  is  dependent  on  the  nature  of  the 
moderator  and  on  the  relative  density  p  (^j^: 


^  *  (11.67) 

>rtiere  Vq  is  the  square  of  the  slovdng-dox.’n  length  v.licn  ■=  1  (Table  11.3) 

K  is  the  geometric  parameter  of  the  shape  factor,  which  is  dependent  on  the 
shape  of  the  reactor. 

For  a  sphere  with  a  radius  of  R  cm 


For  a  cylinder  with  a  radius  of  R  and  a  length  of  H 

The  probability  of  avoiding  leakage  in  the  slowing  down  process  and  in  diffu¬ 
sion  is 

.  (11.69) 

The  parameters  Lq  and  are  determined  experimentally  (Table  11.3). 

Table  11.3 


THE  LENGTH  OF  DIFFUSION  AND  THE  SQUARE  OF  THE  MODERATOR  LENGTH 


OF  C 

ESTAIN  M 

ODSRATORS 

-  — 

,  Substance 

/omnila 

A 

L^cm 

to  cm'^ 

1 

1 

Ordinary  water 

i 

HjO 

\B 

2.88 

33 

Heavy  water 

DjO 

20 

171 

120 

•Oraphite 

C 

12 

50 

300 

'  Beryllfum 

Be 

9,013 

24 

98 

The  weight  of  the  reactor’s  active  zone  /cor^  is  a  function  of  its  volume, 
density,  and  volume  (void)  fraction: 


(11.70) 


SECTION  10.  A  DESIGN  EXAMPLE  FOR  AN  AIR-COOLED  REACTOR 


We  will  determine  the  critical  dimensions  of  a  reactor  which  operates  on  pure 

ttranium-235>  vith  metallic  beryllium  as  a  moderator,  and  with  air  cooling. 

We  will  assume  the  relative  quantity  of  fissioning  substance:  JiL  ■  O.Olj 

^Be 

the  volume  (void)  fraction  ^  *  0.5  (a  half  of  the  volxane  of  the  active  zone  is  oc¬ 
cupied  by  air  ducts),  and  we  will  assume  that  the  reactor  has  the  shape  of  a  cylinder, 
the  height  of  which  is  equal  to  the  diameter:  H  ■  2R  ■  D. 

V.’e  will  determine  at  v;hat  diameter  the  reactor  becomes  critical,  and  we  will 
find  its  weight  and  what  theriral  power  it  is  possible  to  take  from  it. 

The  ratio  of  the  number  of  the  atoms  of  the  moderator  to  the  number  of  atoms 
of  the  active  substance  is,  from  (11.60)  and  (11.61): 


P\J  Ast 


235 


2610. 


A^U  Pu  O.OI  9.013 

'coefficient  of 'th'e‘* thermal  use  of  the  neutrons  ^see  Tabl4i  Uilranjl’ the 


fVjj®ula‘v(ll.63j7  ie 


1 


1 


1  + 


1  +  2610 


0.0! 


0.9& 


*0 

The  diffusion  length  and  the  square  of  the  slowing-down  length  in  beryllium 
when  the  volume  fraction  is  y  -  0.5  from  (11.66)  and  (11.67) 


'  ,,  1~/  1-0.96 


A* -4* 


<2P 


0.6* 

— — —  XO 

0,6* 


92  cn^, 


392 

The  effective  multiplication  factor  kgf  is  determined  from  the  equations  (11.59) 
and  (11.69)  idien  S  -  1  and  p  ■  1 


(l  +  #C’£2)c*^’'' 


By  considering  that  the  number  of  neutrons  which  are  liberated  during  the  cap¬ 
ture  of  a  single  neutrcsi  by  uranium-235,  ^  »  2.1  and  that  for  a  critical  reactor 
>  Ij  ve  obtain  an  equation  from  which  it  is  possible  to  find  the  reactor  shape 
factor  K: 

(I  +92i<«)«*®*^’  «  2,1. 0.96. 

After  solving  it  by  means  of  matching  of,  by  a  graphic  method,  we  find 


«  0.0015 


las 
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The  radius  of  the  cylinder  is  found  from  the  equation 
!  /2.405  /  *  \»  8.25 


nu 


In  order  to  obtain  the  positive  reactivity/  we  express 

p»//c.2^t=  isocjt  >2-74  cnu 

The  total  cross  section  of  the  active  zone  ■  T'r"^  »  2 
The  flow  cross  section  is  $2  “  (1  -  y  )  -  1 

The  weight  of  the  active  zone  of  th?  reactor  is  *=  =  0.5-2. 1.6-1,82  =  2.91  r. 


The  amount  of  fir'ioning  substance  is  0.01  =  ?9.3  kg  =  29,100  grar.c 

The  thermal  power  of  the  reactor  Nq  is  determined  by  the  average  neutron  flux 
in  the  active  zone  /cor^  (^,  determined  by  the  position  of  the  control  rods. 

The  average  neutron  flux  which  is  necessary  to  obtain  the  thermal  power  Nq  * 

liOOjOOO  kw,  is  found  from  (11,15) 

'  1014^0  10M.400000  .  ,  O 

’“4j?:^"'4;6.29100  =»•'■«>"  neutrons/seo,cn2. 

V 

An  aircraft  reactor,  which  is  described  by  Hawthorne,  possess  very  similar  para 
meters , 
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CHAPTER  ni 


THE  DEVELOPKEOT  PERSPECTIVES  OF  RA.\JET  ENGINES 
SECTION  1.  SPEEDS  AW)  ALTITUDES 

The  subsequent  development  of  ramjet  engines  vill,  apparently,  proceed  along 
the  lines  of  perfecting  the  individual  elements  of  the  engines,  i.e.,  diffusers,  com¬ 
bustion  chambers,  and  nozzles,  just  as  along  the  lines  of  mastering  higher  flight 
speeds,  greater  altitudes,  and  ne«  forms  of  energy. 

At  flight  speeds  from  =  0.8  to  =  2.5  ramjet  engines  are  suitable  only  for 
one-time  flying  veJiicles,  i.e.,  on  target  drones  and  vinged  ndssiles,  and  also  on  sci.c 
types  of  helicopters  since  vdthin  this  velocity  range  ramjet  engines  yield  to  turbo¬ 
jet  engines  both  in  thrust  and  in  economy. 

In  the  interval  from  Mjj  *  2.5  to  *  3*0  the  competition  between  turbo-compres¬ 
sor  and  ramjet  engines  occurs  with  varying  success.  Up  to  the  present  time  there  i  s  no 
data  in  open  literature  about  three-Kach  turbo-jet  engines.  In  order  for  turbo-jet  en¬ 
gines  to  compete  with  ramjet  engine  at  -  3  it  is  first  necessain'  to  solve  the  prob¬ 
lem  of  lubricating  the  turbo-jet  engine  at  such  high  stagnation  tcanpo natures.  Calcula 
tions  show  that  when  MjjCi'li.O  the  optimum,  degree  of  compression  in  a  turbo-jet  com¬ 
pressor  approaches  one.  This  means,  that  with  a  sufficient  increase  of  flight  speed, 
a  turbo-jet  engine  is  transformed  into  a  ramjet.  The  region  of  speeds  like  K  >  3  and 
altitudes  of  more  than  25  km  belong  to  ramjet  engines  and  rockets. 

SECTION  2.  DEVELOPMENT  PERSPECTIVES  OF  DIFFUSERS 

The  pressure  recovery  coafficients  of  fixed-geom.etry  multi-shock  wave  diffusers  c 
trithvdn  increase  of  the  design  flight  velocity:  if  when  2.75  "then 

vtien  Mq  -  3*3  *  0.55  (see  Figure  70).  Calculations,  which  were  confirm.ed  by  ex¬ 

periments,  show  that  variable-geometry  diffusers  or  diff  'ers  which  are  mainufactured 
in  the  shape  of  an  inverted  Laval  nozzle,  may  possess  significantly  greater  pressure 
recovery  coefficients. 

ifime,  30/1,  1956,  37-140. 

Aviation  Age,  Vol.  23,  No.  6,  1955,  68-?3,  Vol,  25,  H,  1956,  No.  2,  29-31. 
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other  conditions  being  equal,  the  thrust  of  a  ramjet  engine  grows  and  the 
econoBQT  and  altitude  increase  with  an  increase  of  the  pressure  recovery  coefficient* 

SECTION  3.  DEVELOIKENT  PERSPECTIVES  OF  RWIJET  ENGINE  COMBUSTION  CHAMBERS 

Ramjet  combustion  chambers  of  the  stabilizer  type,  in  which  the  turbulent  com¬ 
bustion  of  a  two-phase  mixture  occurs,  have  been  described  in  open  literature. 

The  subsequent  development  of  combustion  chambers  could  consists  of  the  follow¬ 
ing  for  example: 

1.  Perfection  of  the  methods  of  preparing  the  fuel  mixture. 

2.  The  decrease  of  the  hydraulic  resistance  of  the  combustion  chamber  with  a 
simultaneous  increase  in  combustion  efficiency  by  means  of  the  transition  from  the 
stabilization  of  poorly  streamlined  bodies  to  other  types  of  stabilization. 

3»  The  utilization  of  hypergolic  fuels. 

ii*  The  development  of  combustion  chamber  operation  at  low  internal  air  pressures. 

5.  A  simplification  of  combustion  chamber  construction  .by  transition  from  spark 
ignition  to  compression  ignition. 

The  final  aim  of  all  these  improvements  is  the  reduction  of  the  weight  and  the 
length  of  the  combustion  chamber,  a  lowering  of  the  hydraulic  losses,  and  an  increase 
of  the  combustion  efficiency,  and,  as"  a  result,  to  increase  the  iJi^seof^'bh^gaseiini^.. 
exhaust  section  of  the  chamber.  The  decrease  of  the  weight  of  the  combustion  chamber 
permits  the  fuel  supply  to  be  increased  so  that  a  certain  increase  of  the  duration 
and  range  of  the  flight  will  occur. 

A  substantial  decrease  of  the  specific  fuel  consumption  and  a  corresponding  in¬ 
crease  of  the  flight  range  may  be  obtained  by  switching  to  a  fuel  with  a  higher  calor¬ 
ific  value  than  a  hydrocarbon. 

It  is  known  from  thermochemistry  that  only  three  elements;  hydrogen,  beryllium, 
and  boron  possess  a  higher  calorific  value  than  carbon.  Hydrogen  is  unsuitable  as  a 
fuel  for  aircraft,  since  even  in  a  liquid  state  it  has  a  very  low  specific  weight; 
nearly  0.0?  kg/m^.  Flight  range  can  be  increased  by  switching  from  hydrocarbon  fuels 
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to  borohydrides .  According  to  the  latest  information,  long-range  bombers  using  boro- 
hydride  fuels  have  been  developed  in  the  DSA.^ 

Borohydrides  of  the  diborane  and  pentaborane  types  are  hypergolic  in  air.  The 
combustion  chambers  for  these  fuels  do  not  require  an  ignition  system. 

Other  condi'ions  being  equal,  the  increase  in  flight  range  idien  changing  from 
hydrocarbons  to  boiohydrides  is  proportional  to  the  increase  of  the  calorific  value: 

L  //.  10500 

oBCTION  ii.  DEVELOPliENT  PERSPECTIVES  OF  JET  NOZZLES 

The  pressure  coefficient  of  the  subsonic  portion  of  a  jet  nozzle  usually  has  a 
large  value:  «  O.98 — 0*99.  The  pressure  coefficient  of  the  supersonic  porticn 

of  a  well-profiled  nozzle  ^en  M  »  3  is  on  the  order  of  0.9.  It  is  impossible  to  in¬ 
crease  the  pressure  coefficient  of  the  nozzle  substantially  aftp’*  it  approaches  one 
since  it  is  impossible  to  completely  exclude  the  losses  on  friction  and  shocks. 

There'' ore,  there  is  no  basis  to  expect  that  the  thrust  characteristics  of  an  engine 
with  a  fixed-geometry  may  be  noticeably  improved  because  of  the  increase  of  the  total 
pressure  coefficient  of  the  nozzle. 

Usually  in  designing  an  engine  with  a  fixed  geometry  the  throat  section  of  the 
nozzle  is  chosen  with  a  higher  value  than  is  necessary  for  operation  in  the  design 
conditions  to  prevent  a  "buzzing"  condition  during  an  increase  of  the  temperature 
ratio*  An  over-sized  nozzle  lowers  the  pressure  in  front  of  the  exhaust,  and  conse¬ 
quently,  lowers  the  thrust  and  economy  of  the  engine.  This  "shortage"  of  thrust  may 
be  avoided  by  employing  supersonic  nozzles  with  variable  throat  sections. 

Multi-purpose  engines,  which  must  have  a  high  degree  of  efficiency  during  various 
fli^t  speeds  and  at  varioiis  mixture  compositions,  must  have  variable-geometry  nozzles. 
Such  nozzles  offer  the  possibility  of  operating  with  an  optimum  degree  of  expansion  of 
the  exhaust  gases  during  varying  flight  speeds  and  during  varying  temperatures  in  the 
cesnbustion  chamber. 

- - s - - - - - - 

■^Anderton,  D.  A.,  Aviation  Week,  vol.  65,  12/XI,  1956,  No.  20,  51-57. 

Flight,  1957,  No.  2533,  p.  13a. 
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The  development  of  supersonic  jet  nozzles  nmst  proceed  along  the  vay  of  per- 
>fecting  variable-geometry  systems. 


SECTION  5.  THE  UTILIZATION  OF  THE  POTENTIAL  ENERGY  OF  THE  IONOSPHERE 


In  addition  to  the  energy  of  a  molecular  fuel,  it  is  possible  to  use  the  poten¬ 
tial  energy  of  the  ionosphere  for  si5)ersonic  ramjet  engines* 

Ifiider  the  action  of  solar  and  cosmic  radiation  o^qrgen  and  other  gases  in  the 
upper  layers  of  the  earth’s  atjnosjDhere  dissociate  into  ions.  According  to  the  opin¬ 
ion  of  Ya.  B.  Zel’dovich  and  certain  other  scientists,  the  ion  concentration  in  the 
ionosphere  must  have  a  large  value.  These  ideas  have  still  not  received  experimental 
confirmation.^ 

kn  ionized  gas  possesses  a  high  reserve  of  potential  energy  t^ich  is  accumulated 
by  absorbing  the  energy  of  the  ionized  particles  and  quanta.  Thus,  for  example,  1 
mole  of  oxygen,  vhich  is  totally  dissociated  into  atoms,  contains  117  kcal  of  energy 
or  3,650  kcal  per  kg,  i.e.,  almost  six  times  more  than  1  kg  of  a  fuel  mixture  of 
benzine  vapors  with  air  of  a  stoichiometric  composition  contains. 

If  a  catalyst  or  aiiother  factor  would  be  found  which  is  capable  of  producing 
an  association  of  the  dissociated  gas  in  the  combustion  chamber  of  a  ramjet  engine 
flying  in  the  ionosphere,  then  the  flight  may  take  place  at  the  expense  of  the  ion¬ 
ised  gases  which  enter  the  diffuser.  Such  an  "ion"  engine  will  not  need  a  special 
heat- transfer  agent. 

p 

However,  the  density  of  the  gases  in  the  atmosphere  is  so  small  -hat  the  thrust 


,  be* 'insi^^xLf leant* 


SECTION  6.  RAMJET  ENGINES  WHICH  OPERATE  ON  NUCLEAR  FUEL. 

The  next  task  of  ramjet  technology  is  the  creation  of  a  supersonic  ramjet  en¬ 
gine  ^ich  operates  on  nuclear  fuel.  Chapter  XI  is  devoted  to  this  question.  The 
basic  problem  requiring  a  solution,  is  the  development  of  a  /eactor,  capable  of  main- 

^Ya.  B,  Zel'do^ch,  UFN  /^ogress  of  Physical  Sciences  (a  Deriodicalj7  vol.  LX, 
1  September  19$6,  161-162. 

^tra,  S.  X.,  Verkhnyaya  atmosfera  ^he  Upper  Atmosphere7,  GTTI ,  1955* 
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taining  a  temperature  necessary  to  obtain  the  thrust  reuuired  for  flight 

SECTION  7.  RAKJET  ENGINES  WIICH  OPERATE  ON  RADIOACTIVE  ISOTOPES 

In  addition  to  the  atomic  reactors  radioactive  isotopes,  which  have  a  short 
half  life  and  are  obtained  in  atomic  reactors,^  may  be  used  as  an  energy  source  for 
atomic  ramjet  engines. 

Elementary  calculations  show  that  in  a  nuclear  reactor  having  a  thermal  pov.'er 
in  tens  of  millions  of  kllovatts,  it  is  possible  to  obtain  such  a  ouantity  of  a  rad^o 
active  isotopes,  v/nich,  when  disintegrating  will  release  a  power  on  the  order  of 
100,000  kw.  This  is  sufficient  for  an  intercontinental  irdsslie  to  fly  at  a  supersonic 
speed. 

It  is  impossible  to  control  the  heat  emission  of  a  radioactive  isotope.  V.hen 
the  flow  of  the  incoming  air  is  stopped  a  high  energy  radioactive  isotope  will  quickly 
inelt,  due  to  the  energy  it  releases.  The  thrust  control  of  a  ramjet  engine  which 
operates  on  radioactive  isotopes  may  be  accomplished,  for  example,  by  the  variation 
of  the  throat  section  of  the  exhaust  nozzle. 

{TpgiCling  higb-activlty  isotopes  is  an  extremely  difficuH-  matter* 

SECTION  8.  RAMJET  ENGINES  WHICH  OPERATE  ON  BETA  BATTERIES 

Artificial  radioactive  isotopes  may  be  used  to  create  the  so-called  beta-batteries 
which  develop  electrical  energy  directly  because  of  the  energy  of  the  radioactive  dis¬ 
integration.  The  electric  current  from  a  beta-battery  may  be  used  to  produce  a  pow¬ 
erful  electrical  arc  or  a  spa^k  discharge,  which  will  heat  the  air  that  enters  from 
the  dlffxiser  into  a  discharge  chamber  to  any  given  temperature.  The  side  of  the  cham¬ 
ber  may  be  air  cooled,  as  the  combustion  chamber  of  ^nginps  usings*  iholecjLk.ar.  •  x  ■' 
fuel.^ 

•VAtomnaya  energlya  ^tomic  Energ^7>  195^,  No.  5,  1957. 

%araias,  M.,  Yadernaya  energlya  /Nuclear  E..er^7»  Foreign  literature  Printing 
House,  1955#  202-2C^. 

\eronautics,  vol.  35^  1956,  No,  1,  x56.  No.  2,  51. 
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The  liberation  of  energy  in  a  beta-battery  is,  apparently,  uncontrollable. 

On  the  hardstand,  the  excess  power  may  be  bled  off  into  the  public  power  net.  The 
thrust  of  M  engine  may  be  controlled  in  flight  by  varying  the  thrust  section  of  the 
nozzle. 

k  ramjet  engine  >diich  operates  on  beta-batteries  is  suitable  for  flight  with 
very  high  velocities,  since  the  air  temperature  in  the  discharge  chamber  may  be  raised 
to  very  high  values. 


Ramjet  engines  may  operate  on  molecular  as  well  as  on  atonic  energy-.  Ramjet 
engines  are  unrivaled  for  powered  and  controlled  flights  at  velocities  from  Kjj  = 

3 *5  to  li.O  and  hi^er. 
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A  graph  of  the  gas  ctynandc  fumrtfcioii  r  C\) 
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